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ABSTRACT 

This  research  was  directed  toward  the  development 
of  analytical  techniques  to  study  the  chemical  kinetics  of 
hydrocarbon  oxidations  in  a  high  temperature,  adiabatic, 
turbulent  flow  reactor.  Spatial  chemical  sampling  and  gas 
chromatographic  analysis  techniques  were  developed  for  this 
purpose,  and  the  experimental  methods  were  successfully 
demonstrated  through  kinetic  studies  of  the  oxidations  of 
carbon  monoxide  and  methane  over  the  temperature  range 
1100  -  1400K. 

The  carbon  monoxide-oxygen  reaction  in  the  presence 
of  water  was  studied  at  atmospheric  pressure  over  the  tempera¬ 
ture  range  1030  -  1230K,  the  equivalence  ratio  0.04  -  0.5, 
and  over  water  concentrations  of  0.1%  -  3.0%.  The  disappear¬ 
ance  rate  of  carbon  monoxide  was  experimentally  found  to 
correlate  as 

£40000^1250) 

-di£OL=  1014.6-0.25e  l  RT  3[co, 1.0  ^,0.5  ^,0.25 

.  -3  -1 

mole  cm  sec 

Furthermore,  it  was  experimentally  shown  that  the  rate  of  heat 
release  in  the  carbon  monoxide  oxidation  is  proportional  to 
the  disappearance  rate  of  carbon  monoxide  or  appearance  rate 
of  carbon  dioxide. 

The  reaction  of  methane  and  oxygen  was  studied  at 
atmospheric  pressure  over  the  temperature  range  1100  -  1400K, 
and  the  equivalence  ratio  range  .05  -  .5.  Final  oxidation 
products  were  carbon  dioxide  and  water,  and  carbon  monoxide 
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was  observed  to  be  a  major  intermediate  specie  of  increasing 
importance  at  lower  reaction  temperatures.  Ethane,  ethylene, 
hydrogen,  and  formaldehyde  were  found  to  be  present  as  minor 
intermediate  species.  Due  to  experimental  difficulties, 
hydrogen  and  formaldehyde  concentrations  were  not  described 
spatially.  However,  formaldehyde,  ethane,  and  ethylene  con¬ 
centrations  were  shown  to  be  all  of  the  same  order.  Hydrogen 
peroxide,  methanol,  acetylene  and  propane  were  shown  to  be 
present  as  trace  inte"mediary  species. 

The  methane  disappearance  rates  in  the  induction 
phase  and  post-induction  phase  were  shown  to  exhibit  con¬ 
trasting  kinetic  properties.  In  the  induction  phase  of  the 
rv action,  the  methane  disappearance  rate  was  qualitatively 
observed  to  be  inhibited  by  the  presence  of  methane  and 
accelerated  by  the  presence  of  oxygen.  Methane  disappearance 
rates  in  the  post-induction  phase  of  the  reaction  were  quanti¬ 
tatively  studied  and  were  observed  to  be  described  by 


-d  C CH4 ]  _  -^13 . 2-0.20 
dt 


[-43400-1200) 
1  RT  ) 


[ch4]0’7  [02]°-8 


-3  -1 

mole  cm  sec 


The  rate  of  methane  disappearance  was  found  to  be  relatively 
independent  of  surface/volume  ratio  and  water  concentration. 

The  rate  of  appearance  of  carbon  dioxide  in  the 
methane  oxidation  studies  was  evaluated  to  be 


dfC°?J  _  1q14, 75-0.40  g 

(■-43000-22001 

*  RT  Jico]1-0 

[K„03°‘5 

dt“i'“ 

i  “3  -1 

mole  cm  sec 

4 
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This  correlation  represents  rates  of  carbon  dioxide  formation 
3.5  times  slower  than  those  occurring  in  the  independent  study 
of  the  moist  carbon  monoxide  oxidation.  A  methane-sensitized 
study  of  the  moist  carbon-monoxide  oxidation  showed  that, 
while  the  carbon  dioxide  rate  of  formation  was  suppressed  by 
small  amounts  of  methane,  the  disappearance  of  methane  itself 
was  accelerated. 

Associated  theoretical  work  in  conjunction  with 
these  and  other  experimental  data  showed  that  absolute 
reaction  rate  theory  can  account  for  the  observed  variation 
in  the  temperature  dependence  of  the  specific  rate  constants 
for  the  reaction 

CO  +  OH  - ►  C02  +  H 

and  that  much  of  the  supportive  evidence  for  the  competing 
reaction 

CO  +  H02  - ^  C02  +  OH 

is  a  result  of  incorrect  interpretation  of  experimental  mea¬ 
surements.  Furthermore,  it  was  deduced  that 
CH4  +  OH  - »  CH3  +  H20 

is  not  the  primary  reaction  through  which  methane  disappears 
in  high  temperature,  lean-methane-oxygen  reactions.  Conclusive 
evidence  suggested  the  reaction 

CH4  +  0  - *  CH3  +  OH 

is  important  in  both  lean  and  rich  methane  flames,  and  experi¬ 
mental  measurements  suggested  these  two  reactions  as  well  as 
CH3  +  H2  - ?  CH4  +  H 

are  important  in  the  lean  methane-oxygen  reaction  in  bhe 
present  study. 
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CHAPTER  1  -  INTRODUCTION 


1.1  Introduction 

Air  breathing  propulsion  and  hydrocarbon  fuels  will 
maintain  their  great  importance  in  transportation  applications 
for  several  decades  to  coma.  Considerable  research  has  been 
devoted  to  improving  combustion  performance  through  experi¬ 
mental  development  of  better  hardware  and  fuels,  yet  little 
more  than  a  very  general  understanding  of  the  high  temperature 
reaction  kinetics  of  hydrocarbon  oxidations  has  been  evolved. 
With  increasing  costs  of  experimental  development,  greater  im¬ 
portance  must  be  given  to  analytical  guidance  for  improving 
performance  and  minimizing  pollutant  emissions  in  existing  and 
new  systems.  Modeling  of  the  necessary  combustion  chemistry 
in  detail  is  presently  an  unrealizable  achievement,  both  from 
lack  of  understanding  of  complete  kinetic  mechanisms  and  in¬ 
accurate  or  unknown  elementary  rate  constants  for  many  of  the 
elementary  reactions  which  must  be  included. 

Thus,  for  engineering  purposes,  it  is  necessary  to 
formulate  global  or  partial  global  models  for  the  complete 
oxidation  mechanisms,  and  presently,  only  very  limited  kinetic 
data  on  the  oxidations  of  the  higher  paraffin  hydrocarbons 
(which  comprise  major  percentages  of  conventional  transporta¬ 
tion  fuels)  exist.  Thus,  the  genera.'  long  range  purpose  of 
the  present  turbulent  flow  reactor  study  is  to  further  the 
experimental  knowledge  necessary  for  guidance  in  the  construc¬ 
tion  of  such  models.  The  turbulent  flo*->  reactor  provides  a 
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unique  opportunity  to  study  these  oxidation  reactions  in  an 
environment  not  totally  unrelated  to  that  occurring  in  pro¬ 
pulsion  applications,  y*=>t  under  controlled  conditions  where 
contribution  from  the  complicating  effects  of  diffusion  and 
multidimensional  convection  can  be  minimized. 

Chemical  flow  reactor  techniques  maintain  great 
importance  in  the  study  of  gaseous  chemica..  reactions.  For 
most  gaseous  reactions,  large  variation  of  reaction  rate  with 
temperature  is  observed,  and  a  range  of  experimental  condi¬ 
tions  exist  in  which  the  chemical  rate  cannot  be  measured  by 
static  or  intermittent  (shock  tube)  techniques  (i.e.,  the  re¬ 
actions  are  so  rapid  that  isotropic  conditions  cannot  be 
attained  in  static  systems  and  are  still  so  slow  that  non¬ 
ideal  flow  conditions  result  in  shock  tubes  before  measurable 
reaction  can  occur). 

Fundamentally,  all  flow  techniques  employ  quasi¬ 
steady  flow  conditions  through  a  cylindrical  tube.  A  chemical 
reaction  is  stabilized  in  some  way  in  the  flow,  and  the  real 
time  variable  (and  the  reaction)  is  effectively  "stretched" 
over  a  longitudinal  distance  by  the  flow.  The  "reaction  zone" 
can  then  be  studied  by  some  sampling  technique.  Though  laminar 
flames  can  be  similarly  "stretched"  by  lowering  the  ambient 
pressure,  their  kinetic  interpretation  is  complicated  by  large 
gradients  in  concentration,  temperature  and  velocity,  and  the 
associated  problems  of  mass  and  energy  transfer  in  the  vicinity 
rf  the  flame.  Although  the  resulting  interdependence  of 


variables  can  be  partially  circumvented  by  cooled  flame 

holders  or  reactant  pre-heating,  the  range  over  which  various 

flame  parameters  can  be  changed  independently  is  strictly 

limited.  Further,  though  flame  studies  have  shown  themselves 

adequate  for  study  of  elementary  chemical  kinetics  (e.g., 

* 

[1-5]),  Levy  and  Weinberg  [6]  have  demonstrated  that  any 
possibility  of  establishing  universal  global  reaction  mecha¬ 
nisms  (which  might  be  applicable  to  highly  stirred  flows)  is 
vitiated  by  the  strong  dependence  of  the  flame  geometry  on 
the  burner  system  and  the  surrounding  environment. 

It  should  not  be  construed  that  flow  methods  do  i._>t 
have  characteristic  experimental  problems  of  their  own.  Though 
the  experimental  variables  are  no  longer  as  strongly  coupled 
as  in  flames,  one  must  be  cognizant  of  any  effects  of  surface, 
since  the  diffusion  time  to  the  reactor  walls  is  generally  of 
the  same  order  as  the  flow  time.  In  many  cases  this  problem 
can  be  alleviated  (as  in  static  systems)  by  proper  treatment 
or  choice  of  surface  materials.  More  tacit  problems  which  are 
often  ignored  are  those  of  defining  the  relation  between  reac¬ 
tion  time  and  flew  time,  and  determining  to  what  extent  mixing 
effects  the  expeiimeotal  measurements. 

Most  often,  flow  techniques  have  employed  laminar 
flow  conditions  in  isothermal  environments.  Where  exothermicity 
of  the  reaction  was  high,  the  surface/volume  ratio  of  the  tube 
was  increased  to  establish  the  isothermal  condition.  Though 
in  some  experiments  Rayleigh  and  Fanno  effects  have  been 

Numbers  in  brackets  indicate  references,  listed  beginning  page 
c42. 
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considered,  the  assumption  of  one  dimensional  steady  flow 
has  nearly  always  been  used  to  calculate  the  residence  time 
of  a  fluid  particle  passing  through  the  reactor  tube. 

It  has  long  been  recognized  by  fluid  dynamicists 
that  fully  develoi jd  laminar  tube  flow  is  better  approximated 
by  parabolic  velocity  and  temperature  profiles,  (Hagen- 
Poiseuille  flow),  and  it  is  not  unexpected  [7]  that  energy 
addition  within  the  fluid  field  (as  one  would  realize  from  an 
occurring  exothermic  reaction)  and  energy  losses  at  the  wall 
(to  establish  the  necessary  isothermal  condition)  can  further 
distort  radial  velocity  and  temperature  profiles.  Batten  ( 
has  studied  the  effects  of  Daminar  flow  in  an  isothermal  flow 
reactor,  and  he  concluded  that  laminar  velocity  profiles  can 
cause  considerable  error  in  calculation  of  contact  times 
based  on  one  dimensional  flow. 

It  is  clear  that  laminar  flow  must  also  result  in 
inhomogeneous  radial  distribution  of  the  reacting  chemical 
species.  Batten  further  noted  that  insignificant  lateral 
mixing  of  adjacent  streamlines  occurred  during  observation  times 
in  his  isothermal  flow  reactor.  Coupled  with  the  varying  ex¬ 
tent  of  reaction  at  different  radial  locations,  radial  gradients 
and  diffusion  of  chemical  species  should  result.  Thus,  a 
proper  solution  of  the  isothermal  laminar  flow  reactor  problem 
requires  determinat_on  of  fluid  dynamic  and  chemical  parameters 
over  the  entire  flow  field. 

Thus,  introduction  of  uniform  turbulence  and  relaxa-  \ 

r 

tion  of  the  imposed  isothermal  condition  offer  significant 
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advantages-  With  the  transport  properties  of  the  fluid  en¬ 
hanced  by  turbulence  and  a  near  adiabatic  condition  established 
at  the  tube  wall,  time-averaged  fluid  mechanical  and  chemical 
properties  closely  approximating  one  dimensional  quantities 
can  be  realized.  Through  a  simple  phenomenological  develop¬ 
ment,  Glassman  and  Eberstein  [9,10]  have  shown  that  steady 
state  kinetics  and  the  time-averaged  chemical  kinetics  of  tur¬ 
bulent  pipe  flows  are  nearly  the  same  for  chemical  reactions 
governed  by  radical  species  which  achieve  concentration  levels 
through  rapid  elementary  reactions.  It  was  with  these  princi¬ 
ples  in  mind  that  the  original  Princeton  turbulent  flow  reactor 
was  developed  by  Crocco,  Glassman  and  Smith  [11]. 

Let  us  now  discuss  some  of  the  background  relevant 
to  the  present  application  of  the  turbulent  flow  reactor  tech¬ 
nique  to  the  study  of  the  paraffin  hydrocarbon  oxidations. 

1.2  Background 

References  ri2j  and  [13]  propose  methane,  the  sim¬ 
plest  of  the  paraffin  hydrocarbons,  as  a  viable  alternative  to 
the  conventional  kerosene  type  fuels  used  in  present  commercial 
air  transportation.  Liquid  methane  appears  to  be  economically 
competitive  with  conventional  fuels  on  a  cost  per  unit  energy 
basis,  and  its  additional  heating  value  will  allow  payload 
increases  of  as  much  as  20%.  Because  of  its  very  high  resis¬ 
tance  to  pyrolysis,  further  increase  in  engine  efficiency  can 
be  realized  through  use  of  the  heat  sink  properties  of  the 
liquid  fuel  for  turbine  cooling. 
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Thus,  both  for  the  structural  (and  implied  kinetic) 
simplicity  of  methane  and  its  plausible  future  applicability 
as  a  fuel,  the  aforementioned  hydrocarbon  program  was  initiated 
with  a  study  of  the  high  temperature  reaction  of  methane  and 
oxygen-  Expectations  were  that  the  experimental  technique 
developed  by  Crocco,  Glassn.an  and  Smith  [14]  and  extended  by 
Eberstein  [15]  and  Sawyer  [16]  (Appendix  A)  successfully  could 
be  applied  to  this  and  the  higher  paraffin  oxidation  studies. 
The  important  merits  of  the  technique,  (1)  of  following  the 
most  important  parameter  in  kinetic  functions  (temperature), 
while  providing  reasonably  accurate  estimates  for  rate,  and 
reactant  concentrations,  and  (2)  of  easily  providing  the  volume 
of  measurements  necessary  for  statistical  treatment  of  reaction 
rate  data,  have  been  amply  demonstrated  in  [15]  and  [16] .  That 
the  method  in  general  must  be  abandoned  in  the  studies  of 
paraffin  hydrocarbon  oxidations  is  by  no  means  intuitively 
clear  and  warrants  some  discussion. 

Application  of  the  technique  is  restricted  to  the 
cla*.s  of  chemical  reactions  which  meet  two  assumptions  neces¬ 
sary  for  determination  of  an  analytical  expression  relating 
the  reactant  concentrations  and  concentration  gradients  to 
the  release  of  energy  during  the  chemical  reaction.  These 
assumptions  are : 

(1)  A  "final"  temperature  plateau  must  exist 
somewhere  in  the  reaction  zone  and  can  be 
associated  with  the  completion  of  a  chemi¬ 
cal  reaction  sequence. 
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(2)  An  "overall"  stoichiometric  relation  between 

fuel  and  oxidizer  consumed  and  energy  released 
exists  and  is  invariant  throughout  the  sequence; 
i.e.,  energy  release  is  a  linear  function  of 
reactants  consumed. 

Sawyer  [15]  noted  that  the  existence  of  a  "final 
temperature  plateau  must  be  associated  with  total  reaction 
of  one  of  the  initial  reactants,  but  not  necessarily  to  its 
completely  oxidized  or  reduced  state.  The  elementary  reac¬ 
tions  of  a  chemical  mechanism  generally  occur  simultaneously 
over  the  same  time  scale,  and  the  effect  of  each  upon  the 
overall  energy  release  is  indistinguishable.  However,  where 
inhibition  by  reactants,  products  or  reaction  intermediates 
is  present  and  the  chemical  reaction  proceeds  through  several 
oxidized  or  reduced  states,  some  of  the  elementary  reactions 
leading  to  the  next  oxidized  or  reduced  state  can  be  selec¬ 
tively  inhibited.  Thus,  certain  regions  of  the  energy 
release  profile  of  the  total  oxidation  or  reduction  can  be 
related  to  the  occurrence  of  partial  oxidation/reduction 
steps  (although  the  contribution  of  each  of  the  elementary 
steps  to  the  heat  release  will  still  be  indistinguishable). 

An  example  of  this  class  of  reactions  is  the  reaction  of 
hydrazine  and  nitrogen  dioxide.  Above  800°K,  Sawyer  found 
that  the  stoichiometric  reaction, 


k2h4  +  H02 


»  2H20  +  |  (J2 
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produces  an  energy  release  profile  characterized  by  twc  steps 
(see  Figure  1.1).  This  phenomenon  can  be  accounted  for  if  the 
reduction  of  NC>2  to  N2  proceeds  sequentially  through  two  steps: 

i)  complete  reduction  of  NC>2  to  NO  by 

N02  +  N2H4  - *  ^N2H4  +  H20  +  NO  +  ^N2 

ii)  secondary  reduction  of  NO  to  N2  by 
NO  +  h®2H4  _ V  H2°  +  N2 

If  the  second  reduction  step  is  considered  to  be  slower  than 

the  first  and  is  very  effectively  inhibited  by  a  product  or 
* 

intermediary  in  the  partial  oxidation  of  N2H4'  ener9y 

release  profile  of  Figure  1.1  will  result.  It  is  not  neces¬ 
sary  that  the  presence  of  a  sequential  multi-step  reaction  be 
as  evident  in  the  heat  release  profile  as  it  is  in  this 
example.  If  the  existence  can  be  definitively  established  by 
other  experimental  evidence  (e.g.,  sudden  change  in  the  heat 
release  gradient  or  chemical  analysis),  the  value  of  the  tem¬ 
perature  (T^)  separating  the  regions  can  be  analytically  calcu¬ 
lated.  Application  of  the  previously  developed  techniques  to 
this  class  of  reactions  is  then  tractable  using  the  proper 
stoichiometric  relation  and  Equation  (A-9)  and  Equation  (A-10) 
(Appendix  A). 

That  the  oxidations  of  paraffin  hydrocarbons  at  high 
temperatures  might  be  members  of  this  class  of  reactions  v.as 
first  suggested  by  Friedman  and  Burke  [17] .  Comparison  of 

St 

Sawyer  [15]  suggests  the  inhibitor  is  water. 


Jf>l3  -40^0-62' 
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thermocouple  measurements  with  a  region  of  intense  luminosity 
in  a  low  pressure  propane  flame  led  them  to  suggest  that  the 
flame  might  consist  of  a  two  stage  reaction  zone: 

i)  a  region  of  intense  luminosity  associated 
with  the  oxidation  of  the  hydrocarbon  fuel 
to  CO  and  ^0 

°3H8  +  1  °2  3C0  +  4H2° 

ii)  r  second  region  in  which  the  produced  CO 
is  converted  to  CC>2 

3C0  +  |  02  — 3C02 

Early  chemical  sampling  of  low  pressure  propane 
flames  [18],  C2  hydrocarbon  flames  [19]  and  methane  flames  [20] 
quantitatively  established  the  general  hydrocarbon  oxidation 
mechanism  suggested  above.  However,  these  experiments  also 
demonstrated  that  the  two  stage  oxidation  process  is  not  com¬ 
pletely  sequential.  That  is,  the  inhibition  mechanism  of  the 
secondary  oxidation  of  CO  does  not  prevent  significant  forma¬ 
tion  of  CO2  before  the  hydrocarbons  disappear.  Comparison  of 
the  results  of  [20]  with  lower  temperature  laminar  flow  reactor 
studies  of  the  methane  oxidation  [21,22]  suggested  that  the 
inhibition  was  generally  much  more  effective  at  temperatures 
and  conditions  similar  to  those  in  the  Princeton  turbulent 
flow  reactor.  Results  of  the  capillary  isothermal  flow  reactor 
study  of  Burgoyne  and  Hirsch  [21]  are  illustrated  in  Figure  1.2 
where  the  products  resulting  in  a  fixed  residence  time  (30  msec) 


TEMPERATURE  (°C) 

ISOTHERMAL  CAPILLARY  FLOW  REACTOR  STUDY ,  REF.  [21] 

COMBUSTION  OF  METHANE/AIR  MIXTURE  CONTAINING  a)  0.5  * 
b)  1.0 ,  c)  3.0 ,  and  d)  5.0  %  OF  METHANE.  AVERAGE  RESIDENCE 
TIME  ABOUT  30  msec 

REPRODUCTION  IN  PART  FROM  REF.  [21] 


FIGURE  1.2 
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are  plotted  versus  the  isothermal  temperature  of  their  capillary 
reactor.  Their  conclusions  were  restricted  to  qualitative 
interpretation  of  experimental  results,  and  those  important  to 
the  present  argument  were  that: 

i)  Most  of  the  resulting  carbon  from  the  methane 
oxidized  appears  in  products  as  carbon 
monoxide  until  consumption  of  the  methane 
is  virtually  complete. 

ii)  Only  insignificant  quantities  of  the  total 
carbon  of  the  initial  methane  ever  appear 
as  formaldehyde  or  species  (unspecified) 
other  than  CO,  C02,  or  CH^. 

These  same  conclusions  were  more  clearly  evident  in  the  ensuing 
methane  oxidation  study  of  Pratt  [22]  in  a  2.5  cm  diameter 
laminar  flow  reactor.  An  example  of  some  of  his  data  is  pre¬ 
sented  in  Figure  1.3. 

1.3  Preliminary  Experimental  Measurements 

Having  discussed  background  to  the  immediate  work, 
let  us  look  at  some  experimental  evidence  which  drastically 
effected  its  development.  An  example  of  cursory  turbulent 
flow  reactor  measurements  of  the  heat  release  profile  for  the 
reaction  of  methane  in  air  is  shown  in  Figure  1.4.  Comparison 
of  the  experimental  heat  release  per  mole  of  initial  methane 
(assuming  adiabatic  conditions), 
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185  kcal 

mole  CK^ 

to  the  theoretical  value  for 

ch4  +  2  0  — »  CO  +  2  n  o,  AH  =  192  kcal 

CII^  mole  CH^ 

confirmed  that  complete  oxidation  of  methane  occurs  during 
the  time  scale  of  observation;  however,  thermal  measurements 
offered  no  evidence  of  a  sequential  two  step  reaction.  This 
fact  was  not  surprising;  the  results  of  Kozlov  [23]  indicated 
that,  for  equal  concentrations  of  CK^  and  CO,  the  overall 
rate  of  oxidation  of  CO  is  approximately  50  times  that  for 
the  oxidation  of  CII^  to  CO  and  H.,0.  However,  he  also  demon¬ 
strated  that  while  the  rate  of  oxidation  of  CO  increases  with 
the  concentration  of  CO,  the  oxidation  of  methane  was  retarded 
by  increasing  methane  concentrations.  Thus,  as  the  ratio 
[CII^]/[CO]  decreases  near  the  proposed  transition  in  the 
sequential  mechanism,  the  rates  (and  heat  release  rates) 
could  become  comparable.  At  the  transition,  the  heat  release 
profile  could  remain  smooth. 

Axial  chemical  sampling  of  the  reaction  zone  was 
proposed  as  a  conclusive  test  of  the  sequential  model.  Gas 
samples  were  removed  from  a  methane  air  reaction  using  a  water 
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cooled  sampling  probe  and  the  samples  were  analyzed  for  CO, 

C02  and  CH^  using  a  Beckman  G.C.  1  gas  chromatograph.  The 
results  were  used  only  in  a  qualitative  manner.  Let  it  be 
stated  without  further  detail  that  the  accuracy  of  the  measure¬ 
ments  was  not  adequate  for  quantitative  interpretation. 

Results  of  one  of  the  more  complete  tests  are  illustrated  in 
Figure  1.5.  It  is  clearly  evident  that  observations  differ 
significantly  from  those  of  Burgoyne  and  Hirsch  [21]  and  Pratt 
[22]  (Figures  1.2  and  1.3  respectively).  Inhibition  of  the 
carbon  monoxide  reaction  is  not  as  complete  as  in  the  laminar 
reactor  studies,  and  better  than  50%  of  the  initial  methane 
has  reacted  in  30  msecs  at  temperatures  lower  than  that  (900°C) 
at  which  Burgoyne  and  Hirsch  observed  no  reaction  at  all. 

Comparison  of  the  carbon  content  of  CO,  C02  and  CH^ 
to  that  of  the  initial  reactant  indicated  the  presence  of  some 
intermediary  reactant  species,  possibly  HCHO,  though  the 
chemical  character  of  the  species  was  not  experimentally  veri¬ 
fied.  However,  it  was  unlikely  that  the  carbon  discrepancy 
could  be  attributed  solely  to  experimental  error.  Further 
qualitative  sampling  experiments  established  that  the  degree 
of  production  of  carbon  dioxide  during  the  oxidation  of  methane 
to  carbon  monoxide  is  a  function  of  both  temperature  and  init.  il 
reactant  concentrations.  Cursory  investigation  of  the  pro¬ 
pane/air  reaction  proved  that  the  heat  release  per  mole  of 
initial  propane  consumed  was  also  variable  with  extent  of  reac¬ 
tion,  reactant  temperature,  and  initial  reactant  stoichiometry, 
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and  similar  chemical  analysis  established  the  presence  of  at 
least  two  (unidentified)  intermediate  chemical  species  (other 
than  carbon  monoxide)  occurring  during  its  complete  oxidation. 
Thus,  it  was  conclusively  established  that  in  the  environment 
of  the  turbulent  flow  reactor,  the  oxidations  of  propane  and 
methane  are  not  closely  approximated  by  the  previously  posed 
two  step  sequential  mechanism.  Indeed,  without  these  experi¬ 
mental  results  in  the  turbulent  flow  reactor,  previous  evidence 
would  have  led  to  an  erroneous  conclusion.  This  fact  provides 
further  proof  that  comparison  of  chemical  kinetic  data  result¬ 
ing  from  different  experimental  techniques  or  even  from  dif¬ 
ferent  systems  using  the  same  techniques  often  can  be  mislead¬ 
ing. 

Summarizing  the  results  of  the  previous  discussion, 
chemical  analysis  of  the  oxidation  reactions  of  propane  and 
methane  near  1000°C  confirms  significant  departure  from 
theories  which  predict  a  linear  relationship  of  energy  release 
and  reactants  consumed;  and  thus,  at  these  temperatures,  the 
simple  thermal  analyst j  technique  (described  in  Appendix  A) 
used  so  effectively  in  previous  work  in  this  laboratory  appears 
to  be  inapplicable  to  the  study  of  the  oxidations  of  these 
hydrocarbons.  The  departure  arises  from  coincident  occurence 
of  the  oxidation  of  the  initial  fuel  to  CO  and  the  oxidation 
of  CO  to  C02,  and  further  complications  from  formation  of 
intermediates  (such  as  formaldehyde)  are  possible.  Since  the 
oxidations  of  higher  paraffins  most  likely  proceed  through 
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degradation  to  and  subsequent  oxidation  of  hydrocarbons  of 
lower  carbon  number,  a  similar  conclusion  is  inferred  for  the 
higher  paraffins  as  well.  These  facts  force  spatial  chemical 
analysis  to  be  requisite  for  understanding  of  the  chemical 
reactions  occurring  in  the  turbulent  flow  reactor. 

The  significance  of  developing  a  versatile  chemical 
analysis  system  for  use  with  the  turbulent  flow  reactor  cannot 
be  over-emphasized.  Generation  of  a  more  complete  chemical 
and  thermal  characterization  of  a  reaction  must  necessarily 
increase  the  complexity  of  the  experiment;  however,  such 
characterization,  in  addition  to  providing  data  necessary  for 
engineering  design  (global  or  semi-global  modeling),  should 
greatly  enhance  the  possibility  of  unraveling  the  true  kinetic 
mechanism  of  the  overall  reaction  and  will  in  some  cases  per¬ 
mit  evaluation  of  elementary  rate  constants. 

The  most  powerful  chemical  analysis  technique  for 
stable  chemical  species  presently  appears  to  be  gas  chromato¬ 
graphy  (GC) .  In  contrast  to  mass  spectrometric  (MS)  and  non- 
dispersive  infrared  (NDIR)  techniques,  GC  generally  requires 
quenching  and  storage  of  discrete  samples,  although  in  some 
instances  use  of  Gollay  type  columns  [24]  permits  chromato¬ 
graphy  to  be  rapid  enough  to  be  used  with  on-line  sampling 
techniques.  The  complications  of  sample  storage  (e.g.,  surface 
absorption,  polymerization  or  other  low  temperature  reactions) 
are  balanced  by  the  universal  sensitivity  and  fundamental 
simplicity  of  the  GC  method.  In  comparison,  NDIR  techniques 
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exhibit  both  selective  sensitivity  and  inseparable  inter¬ 
ference  for  chemical  species  of  interest  in  higher  hydro¬ 
carbon  oxidation  studies.  Further,  if  the  number  of  unknown 
species  is  large  (as  will  be  the  case  in  the  higher  hydro¬ 
carbon  oxidation  analyses),  resulting  MS  spectrums  become 
so  complex  that,  though  sufficient  theory  exists  for  their 
separation  into  the  respective  components,  desired  accuracy 
of  analyses  cannot  be  realized  [25] .  Though  the  application 
of  the  extensive  GC  techniques  developed  to  study  the  oxida¬ 
tion  reaction  of  methane  and  carbon  monoxide  may  not  appear 
necessary,  the  versatility  and  power  of  the  techniques  will 
be  necessary  for  analysis  of  the  higher  hydrocarbon  oxida¬ 
tions,  and  it  is  the  proposed  purpose  of  the  present  work  to 
construct  techniques  extendable  to  these  studies. 

1.4  Summary  of  Objectives 

Thus,  the  objectives  of  the  present  work  are: 

(1)  development  of  a  general  gas  sampling  and 
analysis  technique  employing  gas  chromato¬ 
graphy  as  the  analysis  tool  and 

(2)  application  of  this  technique  to  the  study 
of  the  oxidation  of  methane  and  carbon 
monoxide  in  the  turbulent  flow  reactor. 

Further,  while  fulfilling  these  objectives,  the 

long-range  objective  of  extension  of  the  techniques  to  study 
of  the  higher-paraffin  oxidations  must  be  kept  in  mind. 
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1.5  Presentation  Outline 

Chapter  2  will  discuss  the  pertinent  background 
and  instrumentation  of  the  turbulent  flow  reactor  system, 
while  Chapter  3  will  be  devoted  to  description  of  apparatus 
developed  for  kinetic  measurements  in  the  reactor. 

Chapter  4  will  present  a  summary  of  experimental  methods, 
while  Chapters  5  and  6  will  be  devoted  to  presentation  and 
discussion  of  the  experimental  measurements  on  the  carbon 
monoxide  and  methane  oxidations.  A  summary  of  conclusions 
and  their  relevance  to  future  work  are  presented  in  the 
concluding  chapter. 
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CHAPTER  2  -  INSTRUMENTATION — THE  FLOW  REACTOR 

Construction  of  a  turbulent  flow  reactor  system 
for  studies  of  the  paraffin  hydrocarbon  oxidations  was  guided 
by  the  previous  studies  of  Crocco,  Glassman,  and  Smith  [11,14], 
Swigart  [26],  Eberstein  [15,27]  and  Sawyer  [16,28,29].  All 
studies  including  the  present  one  attempt  to  experimentally 
model  several  theoretical  considerations  which  facilitate 
interpretation  of  the  experimental  measurements,  and  these 
considerations  will  be  reviewed  in  the  following  paragraphs. 

2.1  Theory 

Fundamentally,  the  turbulent  flow  reactor  is  a 
cylindrical  tube  through  which  a  hot  inert  carrier  gas  flows 
at  velocities  high  enough  to  attain  uniform  turbulent  flow 
conditions  (see  Figure  2.1).  The  reactor  tube  is  constructed 
so  that  the  wall  temperature  rapidly  equilibrates  to  the  local 
temperature  of  the  flowing  gas  (adiabatic  wall).  Small  amounts 
of  fuel  and  oxidizer  are  added  to  the  inert  carrier,  and  the 
turbulent  mixing  rapidly  produces  a  homogeneous  flowing  gas 
mixture.  Proper  adjustment  of  initial  carrier  temperature 
and  reactant  and  carrier  flow  rates  result  in  a  steady  one¬ 
dimensional  "reaction  zone"  spread  over  a  considerable  length 
of  the  reactor  tube.  For  low  initial  concentrations  of  reac¬ 
tants,  this  "spreading"  produces  longitudinal  gradients  of 
reacting  species  and  energy  so  small  that  diffusion  effects 
in  this  direction  are  negligible  (relative  to  convection). 

Since  the  tube  is  large  and  energy  addition  and  Mach  numbers 


HOT  INERT 

CARRIER 

GASES 


DISTANCE  (TIME)  — 


FIGURE  2.1 


THE  TURBULENT  FLOW  REACTOR 
(THEORY) 


24 


are  small,  Rayleigh  and  Fanno  effects  are  negligible,  and 
the  static  pressure  throughout  the  flow  field  is  constant. 
Since  the  bulk  of  the  flowing  gas  is  inert  carrier,  the  state 
parameters  are  related  by  the  ideal  gas  law,  and  the  physical 
properties  of  the  fluid  can  be  considered  to  be  those  of  the 
carrier. 

The  discussions  of  Chapter  1  and  Appendix  A  show 
that  while  some  chemical  reactions  are  satisfactorily  charac¬ 
terized  by  temperature  measurements  alone,  others  require 
measurement  of  the  longitudinal  reactant  and  product  species 
profiles  as  well.  These  data  can  be  obtained  by  extending 
chemical  sampling  and/or  temperature  probes  longitudinally 
through  the  zone  from  the  exit  of  the  reactor  tube.  Since 
the  flow  is  steady,  the  longitudinal  gradients  of  all  param¬ 
eters  with  distance  are  related  to  "real"  time  derivatives 
by  the  convective  part  of  the  substantial  derivative, 

.5.  .  4/  -i-  v  4 

Of  /t 

As  noted  previously, V”  can  be  calculated  on  one-dimensional 
principles,  assuming  fluid  properties  to  be  those  of  the 
carrier.  However,  the  relation  of  a  specific  axial  coordinate 
to  real  time  is  not  well  defined  since  the  initial  time 
coordinate  (where  reaction  begins)  occurs  at  some  unknown 
position  within  the  mixing  region.  One  might  suspect  that 
this  fact  could  alter  the  reaction  phenomena  occurring  fur¬ 
ther  downstream;  however,  the  existence  of  the  very  fast 
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elementary  kinetics  which  initiate  chemical  reaction  before 
mixing  is  complete,  permit  rapid  adjustment  of  the  chemistry 
as  the  flowing  gas  approaches  radial  uniformity.  Further, 
it  is  important  that  the  turbulence  necessary  for  rapid 
mixing  and  production  of  these  one-dimensional  characteristics 
does  not  effect  the  chemical  kinetics.  Provided  the  time  neces¬ 
sary  for  a  perturbed  radical  concentration  to  return  to  a 
level  governed  by  static  chemical  kinetics  is  very  short 
relative  to  the  turbulent  "eddy"  lifetime,  each  eddy  will 
spend  most  of  its  lifetime  reacting  under  static  conditions. 
Glassman  and  Eberstein  [9,10]  characterize  this  chemical  time 
by  the  chemical  relaxation  time,  i.e.,  the  time  necessary  for 
a  "steady  st^te"  concentration  of  reactive  centers  to  be 
approached.  As  they  have  shown  for  the  hydrazine  decomposi¬ 
tion,  this  time  is  generally  very  small  in  comparison  to  the 
eddy  lifetime,  but  there  is  no  guarantee  that  this  condition 
will  prevail  in  other  reactions.  Without  a  complete  kinetic 
mechanism,  it  is  difficult  to  argue  analytically  that  such 
a  condition  exists;  however,  experimentally  one  can  establish 
that  the  above  is  true  if  the  chemical  rate  measurements  are 
independent  of  the  level  of  turbulence  (the  eddy  lifetime) 
and  therefore  the  carrier  velocity.  Summarizing  the  theoret¬ 
ical  properties  that  the  experiment,  equipment,  and  procedure 
are  to  model; 

(1)  steady  reaction  zone 

(2)  adiabatic  reactor  wall 
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(3) 

one-dimensional  (that  is, 
distribution  of  energy  and 
are  constant) 

radial 

species 

(4) 

no  longitudinal  diffusion 
or  energy 

of  mass 

(5) 

constant  pressure  reaction 

zone 

(6) 

ideal  gas 

(7) 

no  effect  of  turbulence  on 
chemical  kinetics 

the 

2.2  Experimental  Apparatus 

Modification  and  re- construction  of  much  of  the 
previous  experimental  apparatus  were  made  necessary  by  the 
stringent  experimental  control  requirements  imposed  by  the 
chemical  sampling  and  analysis  technique  and  by  the  very 
high  temperatures  necessary  for  study  of  the  methane  oxida¬ 
tion.  The  experimental  equipment  is  comprised  of:  the 
reactor  assembly  consisting  of  the  reactor  tube  and  support 
equipment  necessary  for  minimization  of  energy  losses  to 
the  reactor  wall,  a  probe  traverse  mechanism  for  control 
and  position  measurement  of  the  instrumentation  probes  used 
to  characterize  the  "reaction  zone,  and  carrier  and  reac¬ 
tant  (fuel  and  oxygen)  flow  systems  which  supply  the  reactor. 
The  equipment  will  be  briefly  discussed  in  the  following 
pages  and  the  section  will  conclude  with  a  summary  of  the 
experimental  procedure  and  control  and  range  of  the  experi¬ 
mental  variables.  A  schematic  and  photographs  of  the 
assembled  equipment  are  presented  in  Figures  2.2  -  2.5. 
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2.2.1  Reactor  Assembly 

A  cut-away  drawing  of  the  reactor  assembly  is  pre¬ 
sented  in  Figure  2.6.  The  main  reactor  tube  (illustrated  in 
Figure  2.7)  consists  of  a  10  cm  diameter  cylindrical  quartz 
tube  with  an  adjoining  conical  inlet  section.  Cylindrical 
quartz  reactor  inserts  of  5  and  7.5  cm  diameter  are  avail¬ 
able  to  reduce  the  cross-sectional  area  and  increase  the 
surface  to  volume  ratio  of  the  reactor  section.  Four 
capillary  quartz  tubes,  equally  spaced  around  the  circum¬ 
ference  of  the  entrance  to  the  main  reactor  tube,  provide 
uniform,  high  velocity  injection  of  the  reactant  fuel.  Re¬ 
actant  oxygen  is  added  upstream  of  the  reactor  ■  rapid 
mixing  and  homogeneous  distribution  of  the  carrier,  oxygen, 
and  fuel  are  insured  by  the  conical  inlet  section. 

The  main  reactor  is  suspended  in  an  oven  con¬ 
structed  of  4  electrical  resistance  heating  tubes,  fire¬ 
brick  and  insulation.  The  heating  tubes  (Figure  2.8)  are 
constructed  of  Kanthal  A-l  resistance  wire.,  and  adjustment 
of  resistances  in  parallel  with  the  two  central  heating 
tubes  permit  independent  control  of  power  input  to  the 
central  regions  of  the  oven.  Adjustment  of  power  input  and 
parallel  resistances  is  aided  by  Pt/Pt  13%  Rh  thermocouple 
monitoring  instrumentation.  Reaction  zone  parameters  are 
measured  by  longitudinal  extension  of  instrumentation  probes 
along  the  central  axis  of  the  reactor  tube  from  its  exit. 
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2,2.2  Probe  Traverse  Mechanism 

Longitudinal  positioning  of  thermocouple  or  gas 
sampling/ thermocouple  probes  in  the  reaction  zone  is  con¬ 
trolled  by  a  probe  trolley  mechanism  (see  Figure  2.5).  The 
traverse  mechanism  electronics  consisting  of  relays,  an 
electromagnetic  brake  and  a  synchronous  motor  provide  for 
two  modes  of  operation: 

(1)  Continuous  traverse  mode 

A  constant  velocity  traverse  of  the  entire  length 
of  the  reactor  tube  at  2.0  cm/sec  is  convenient  for  monitor¬ 
ing  adjustment  of  carrier  and  reactor  wall  temperatures,  and 
measuring  longitudinal  reaction  temperature  profiles  of  a 
chemical  reaction.  The  latter  information  along  with  initial 
carrier,  fuel,  and  oxidizer  flow  rates  are  all  that  is  neces¬ 
sary  for  analysis  of  reactions  which  can  be  characterized  as 
in  Appendix  A. 

(2)  Cyclic  traverse  mode 

Control  of  power  and  electromagnetic  impulse  braking 

of  the  probe  drive  mechanism  result  in  a  move/hold  cycle 

which  can  be  repeated  over  the  entire  length  of  the  reactor 

tube.  Cycle  movement  and  hold  time  are  continuously  vari- 

+  + 

able  from  1.5  to  12  -  .2  cm  and  1  to  60  -  .5  seconds  respec¬ 
tively.  Such  operation  permits  acquisition  of  point  chemical 
sample  and  temperature  data  at  equidistant  positions 
through  the  reactor  tube  and  is  made  necessary  by  the  finite 
response  time  of  the  chemical  sampling  system. 
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The  longitudinal  position  of  an  instrumentation 
probe  relative  to  the  fuel  injection  ports  is  determined  by 
voltage  drop  measurements  across  a  linear  resistance  pot 
coupled  to  the  probe  drive  mechanism.  The  voltage  drop  is 
displayed  on  a  Hewlett-Packard  Model  3440A  digital  voltmeter; 
overall  accuracy  of  the  position  measurements  is  within 
-  .1  cm.  (This  should  be  compared  to  an  overall  length  of 
a  reaction  zone  of  greater  than  60  cms.) 

2.2.3  Carrier  Flow  System 

The  carrier  system  provides  the  necessary  energy 
and  controls  for  maintaining  the  temperature  and  flow  of  an 
inert  carrier  gas  to  the  flow  reactor  assembly.  A  schematic 
of  the  flow  system  is  presented  in  Figure  2.9. 

Energy  is  supplied  to  the  carrier  gas  (usually 
nitrogen  or  air)  by  two  ceramic  packed  bed  heat  exchangers 
connected  in  series  and  constructed  similarly  to  those  used 
in  the  investigations  of  Sawyer.  The  heat  exchangers  are 
pre-heated  to  temperatures  approaching  1500°I<  by  two  (inde¬ 
pendent)  propane/air  heating  systems.  One  of  the  burner 
systems  is  illustrated  in  Figure  2.10.  The  hot  carrier  gas 
is  delivered  to  the  reactor  assembly  through  an  inlet  section 
constructed  of  Inconel  tubing  and  heated  by  Kanthal  A-l 
electrical  resistance  heating  ribbon.  A  number  of  injection 
ports  are  provided  in  the  inlet  section  for  addition  of  oxi¬ 
dizer  or  other  reactants  (e.g.,  water  vapor  in  the  carbon 
monoxide  oxidation) .  Pt/pt-13%  Rh  thermocouple  instrumentation 
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is  employed  to  continuously  monitor  the  temperature  of  the 
carrier  gas/oxidizer/catalyst  mixture  as  it  enters  the  mix¬ 
ing  section  of  the  reactor  assembly.  Adjustments  of  the 
mixture  inlet  temperature  are  achieved  through  by-passing  of 
a  controlled  fraction  of  the  carrier  gas  to  the  exit  of  the 
second  heat  exchanger.  Manual  adjustment  of  the  by-pass  flow 

was  found  adequate  to  control  the  time  averaged  inlet  tempera- 
+  o  ,  , 

ture  to  -  1  K  relative.  Total  carrier  gas  flow  rate  is  con¬ 
trolled  by  a  regulator/needle  valve  arrangement  and  is 
measured  by  a  critical  orifice  technique. 

2.2.4  Reactant  Flow  Systems 

The  reactant  flow  systems  control  and  determine  the 
flow  rates  of  fuel  and  oxygen  to  the  flow  reactor.  Since  the 
reactants  used  in  the  present  studies  are  stable,  gaseous 
compounds  under  standard  conditions,  the  handling  problems 
created  by  the  hazardous  liquid  reactants  used  by  Sawyer  and 
Eberstein  are  avoided.  Though  it  was  not  necessary  for  the 
present  studies,  an  evaporator  system  has  been  developed  to 
supply  gaseous  fuels  in  the  higher  hydrocarbon  kinetic  studies. 
The  flow  schematics  of  the  gaseous  oxygen  and  fuel  supply 
systems  are  presented  in  Figure  2.11. 

Oxygen  is  added  to  the  inert  carrier  gas  through 
one  of  the  available  ports  in  the  reactor  inlet  section.  The 
flow  rate  is  controlled  by  a  pressure  regulator/needle  valve 
assembly,  and  the  rate  is  measured  using  critical  flow  orifice 
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instrumentation  calibrated  in  this  laboratory.  Oxygen  con¬ 
centrations  greater  than  20%  are  achieved  by  replacing  the 
nitrogen  carrier  gas  with  air. 

Gaseous  fuel  is  supplied  to  the  capillary  quartz 
injector  tubes  in  the  reactor  assembly.  Injection  velocity 
of  the  reactant  fuel  can  be  increased  by  addition  of  diluent 
nitrogen  to  improve  mixing  with  the  carrier  gas/oxygen  mixture 
entering  the  conical  inlet  section  of  the  reactor  tube.  Fuel 
and  diluent  nitrogen  flows  are  controlled  by  pressure  regulator/ 
needle  valve  assemblies  and  are  measured  by  non-critical  flow 
orifice  instrumentation  calibrated  in  this  laboratory. 

2.3  Experimental  Procedure 

Though  the  type  of  measurements  necessary  to 
characterize  the  kinetics  will  depend  on  the  particular 
reaction  studied,  a  common  run  procedure  of  the  flow  reactor 
itself  can  be  recognized. 

This  run  procedure  includes  pre-heating  of  the  heat 
exchangers,  and  adjustments  of  inlet  and  reactor  heater  power 
to  establish  and  control  temperatures  near  the  range  at 
which  experiments  are  to  be  conducted.  Because  of  the  large 
thermal  inertia  of  the  system,  temperature  stabilization  re¬ 
quires  from  4  to  6  hours.  Final  adjustments  are  monitored  by 
the  inlet  temperature  measurements  and  longitudinal  thermo¬ 
couple  traverse  measurements  of  the  reactor  tube.  Such 
measurements  are  illustrated  in  Figure  2.12. 
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FIGURE  2.12 
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After  shut-down  of  the  propane/air  heating  systems 
and  a  twenty-minute  air-purge  of  the  system  to  eliminate  all 
contaminants,  the  chosen  carrier  (air  or  nitrogen),  fuel,  and 
oxygen  flow  rates  are  adjusted  and  a  reaction  temperature  pro¬ 
file  similar  to  Figure  1.4  results.  Measurements  of  the  reac¬ 
tion  zone  can  then  be  made  using  the  proper  probe  instrumenta¬ 
tion. 

2.4  Experimental  Variables 

Necessarily,  the  merit  of  the  final  results  will 
depend  not  only  on  the  accuracy  of  these  experimental  measure¬ 
ments,  but  also  on  the  degree  to  which  one  is  able  to  approxi¬ 
mate  the  theoretical  assumptions  (summarized  on  Page  2 5) 
which  facilitate  reduction  of  the  data.  Thus,  these  assump¬ 
tions  and  their  experimental  approximation  bear  some  discus¬ 
sion. 

The  assumptions  of  a  constant  pressure-perfect  gas 
reacting  media  have  been  adequately  discussed  by  Eberstein 
and  Sawyer;  however,  the  steadiness,  one  dimensionality  and 
adiabaticity  of  the  reaction  zone  have  been  re-investigated 
in  the  present  work,  since  the  chemical  sampling  process  re¬ 
quires  these  conditions  to  exist  over  more  extended  periods 
of  time  (than  did  the  temperature  profile  measurements  alone). 
One  dimensionality  of  the  reaction  zone  was  investigated  by 
measurement  of  both  velocity  and  temperature  at  radial  loca¬ 
tions  across  the  reactor  tube.  Results  illustrated  in 
Figures  2.13  and  2.14  are  for  a  Reynolds  numbers  (103-104) 
in  the  range  of  those  achieved  during  experiments. 


U/Uo~ NORMALIZED  MEAN  VELOCITY 
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WALL 


CONDITIONS: 

•  DUCT  DIAMETER  ~IO  cm 
•CARRIER  ~N2 

•REYNOLDS  NUMBER  ~  I04  % 

•AXIAL  LOCATION  ~  100  cm  FROM  MIXING  & 

NOZZLE  INJECTION  PORTS 

•INLET  TEMPERATURE «  500 °K  * 


EXPERIMENTAL  RADIAL  VELOCITY  PROFILE 
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FIGURE  2.13 
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v( l-r/r0)~  NORMALIZED  RADIAL  POSITION 


WALL 

CONDITIONS: 

•  DUCT  DIAMETER  -10cm 

•  CARRIER  ~  AIR 

'  •  REYNOLDS  NUMBER~6x|03 

•AXIAL  LOCATION  ~  58  cm  FROM  MIXING 
NOZZLE  INJECTION  PORT 

•  INLET  TEMPERATURE  «  1160  °K 

•  REACTANT  ~  METHANE 

•  Tf"T0  «  120 °K ,  T-To/Tf-T0  =  0.77 


EXPERIMENTAL  RADIAL  TEMPERATURE  PROFILE 


FIGURE  2.14 
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Quasi-steadiness  of  the  reaction  zone  was  investi¬ 
gated  by  measurement  of  the  reaction  temperature  at  a 
stationary  axial  position  over  an  extended  period  of  time. 

A  position  near  the  end  of  the  reaction  zone  was  chosen  so 
that  changes  in  losses  to  the  reactor  walls  and  shifts  in 
equivalence  ratio  and  initial  temperature  should  be  most 
noticeable.  The  results  of  Figure  2.15  show  that  the  reac¬ 
tion  zone  may  be  considered  "steady"  for  times  approaching 
15  minutes.  The  most  sensitive  parameter  is  the  reaction 
initial  temperature  which  must  be  continuously  monitored  and 
adjusted  (slowly)  at  the  inlet  to  the  reactor  assembly.  The 
near  adiabaticity  and  quasi-steadiness  of  the  reactor  wall 
temperatures  are  realized  from  the  design  of  the  reactor 
assembly  (see  Figure  2.6).  Suspension  of  the  reactor  tube 
within  a  reactor  oven  of  large  thermal  inertia  permits  most 
of  the  temperature  increase  of  the  gas  to  be  adjusted  in  the 
surrounding  air  gap,  and  reactor  wall  temperatures  rapidly 
equilibrate  to  within  10°C  of  the  reacting  gas  temperature 
(for  total  gas  temperature  rises  less  than  100°K) . 

An  estimation  of  the  resulting  change  in  longi¬ 
tudinal  temperature  gradient  due  to  this  non-adiabaticity 
of  the  wall  can  be  obtained  by  extension  of  the  analysis  of 
Eberstein  [15]  (Pages  51-52  in  [15J). 

Using  the  generalized  one  dimensional  energy 
equation  for  laminar  flames, 

(diffusion)  (convection)  (energy  release) 

-Ae.  idS  +■  f°vA  Cf>dX  -  4_Q 
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FIGURE  2.15 
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with  the  laminar  diffusion  coefficient  replaced  by  the 
eddy  diffusivity  (€),  Eberstein  re-wrote  the  relation  in 
the  form 

dT]  =  J-f \(lrpL)  where  Al  =  -_££  JlT  /dr) 

A't-Jad  rr\ C p  a t'X  *' j  d  7.  )■ 


thus  expresses  the  percent  difference  between  adiabatic 
(JjJojJ?  )  an<3  measured  +neAo  )  temperature  gradients 

resulting  from  longitudinal  diffusion.  Similarly,  a  term 
for  the  loss  of  energy  to  the  reactor  walls  can  be  included 
and  the  expression  can  be  written  as: 

dr)  -  d_L)  / i~h 3 L  +y3u>)  )  ji/TLA.  hf  (±$qa 

d'%)adi  cj-y/rnuu}  {  /  'rhC,p  dT j d  l)- 

As  done  by  Eberstein,  can  again  be  estimated  from  [7] 

A  =  h£l  -  O.ozl 

7L  'X 


yruoun 


and  for  the  typical  numbers, 

Re-  to4 
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r*  _ 
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one  obtains, 
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Thus,  it  is  seen  that  both  longitudinal  energy  diffusion  and 
losses  of  energy  to  the  reactor  wall  contribute  less  than  3% 
to  departure  of  the  longitudinal  temperature  gradient  (at 
any  position  in  the  reaction  zone)  from  the  adiabatic  con¬ 
dition.  This  is  very  important  to  the  thermal  analysis  tech¬ 
nique  and  is  also  of  some  relevance  to  the  assumption  of  one- 
dimensionality  used  in  simplifying  the  analysis.  Similar 
conclusions  can  be  drawn  concerning  the  relevance  of  longi¬ 
tudinal  mass  diffusion  since  energy  and  mass  are  always 
nearly  proportional.  Further,  it  is  worth  noting  that  all 
molecules,  radicals,  and  atoms  behave  similarly  (as  far  as 
diffusion  is  concerned)  since  the  turbulent  diffusivity  is 
independent  of  the  physical  character  of  the  species,  and 
accounts  for  the  major  diffusive  effect.  This  is  in  large 
contrast  to  the  laminar  flame  where  very  light  (and  reactive) 
species  such  as  [H]  are  by  far  the  most  mobile. 

As  discussed  in  Section  2.1,  Glassman  and  Eberstein 
have  theoretically  argued  that  turbulence  and  mixing  do  not 
effect  the  kinetics.  Sawyer's  results  experimentally  vindi¬ 
cate  these  arguments  since,  (1)  the  kinetic  measurements 
were  not  observed  to  be  a  function  of  the  Reynold's  number 
(turbulence),  and  (2)  kinetic  data  taken  from  hydrogen/oxygen 
reactions  which  had  initiated  well  before  reactant  mixing 
was  complete  show  no  effect  of  the  upstream  mixing  phenomena 
on  the  downstream  kinetics.  Longitudinal  mixing  profiles 
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through  the  reactor  tube  have  been  taken  by  injecting  methane 
into  nitrogen  carrier,  and  the  results  summarized  in  Figure  2.16 
show  that  under  all  conditions  mixing  is  complete  within  the 
conical  inlet  section  in  times  less  than  3  msec.  (Reaction 
times  are  not  less  than  50  msec.)  Thus,  it  is  concluded  that, 
providing  results  are  shown  not  to  be  dependent  on  Reynold's 
number,  the  approximations  necessary  to  simplify  analysis  of 
the  flow  reactor  data  are  reasonable  and  do  not  introduce 
gross  errors  to  the  experiment. 

2.5  Experimental  Limitations 

The  range  over  which  experimental  variables  can  be 
varied  is  limited  by  both  the  mechanical  structure  and  the 
experiment.  Sawyer  has  adequately  discussed  these  limita¬ 
tions  and  his  summary  is  reproduced  here  (Table  2.1)  -with 
some  changes  as  to  the  operational  limitations  of  the  mechan¬ 


ical  structure. 


DISTANCE  FROM  INJECTION  (cm) 


conditions: 

•  DUCT  DIAMETER  -  10  cm 

•  REYNOLDS  NUMBER  ~(A)-3 x  10*  (B)-6  x  I03 

•  INLET  TEMPERATURE  -  1173  K 

•  SAMPLING  MEASUREMENTS  ALONG  AXIS  OF  FLOW 


EXPERIMENTAL  TURBULENT  MIXING  OF 
METHANE  IN  NITROGEN  CARRIER 


FIGURE  2.16 


52 


SUMMARY  OF  FLOW  REACTOR 
EXPERIMENTAL  OPERATING  LIMITATIONS 


pressure 

total  gas  density 
flow  Mach  number 

duct  diameter 
duct  length,  overall 
reaction  zone 

temperature 
flow  velocity 

Reynolds  number  (diameter) 

stay  time 
mixing  time 
reaction  time 

time  available  for  kinetic 
measurements 


1  (atm) 

-5  —3 

.9-1.3x10  (moles  cm  ) 

less  than  .1 

5-10  (cm) 

150  (cm) 
about  100  (cm) 

to  1450  (K) 

400-5000  (cm  sec  1) 
3500-35000 

20-250  (milliseconds) 
1-10  (milliseconds) 
10-250  (milliseconds) 

<15  (minutes) 


TABLE  2.1 
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CHAPTER  3  -  INSTRUMENTATION 

FLOW  REACTOR  KINETIC  MEASUREMENTS 


Assessment  of  the  chemistry  occurring  within  the 
turbulent  flow  reactor  will  require  measurement  of  the  longi¬ 
tudinal  temperature  profile  through  the  reaction  zone,  and, 
where  the  assumptions  of  Appendix  A  are  not  valid,  this  must 
be  supplemented  by  measurement  of  at  least  some  of  the  longi¬ 
tudinal  chemical  specie  profiles.  Suitable  precision  of  these 
measurements  will  necessitate  not  only  an  accurate  chemical 
analysis  technique,  but  assurance  that  the  samples  analyzed 
are  truly  representative  of  the  reacting  gas  mixture  at  the 
positions  from  which  they  were  removed.  While  for  continuous 
analysis  techniques  only  the  effects  of  the  sampling  itself 
must  be  considered,  here,  effects  of  storage  (before  gas 
chromatographic  analysis),  and  transfer  to  the  analysis  in¬ 
strument  are  important  as  well. 

In  the  following  sections  of  this  chapter, pertinent 
design  and  operational  information  on  the  instrumentation 
constructed  to  make  these  thermal  and  chemical  measurements 
in  the  flow  reactor  will  be  discussed. 

3.1  Reaction  Temperature  Measurement 

Measurement  of  temperature  within  the  reaction  zone 
is  achieved  by  extension  of  a  thermocouple  longitudinally 
through  the  zone,  very  near  the  axis  of  the  flow. 

Construction  of  the  probe  has  been  refined  from  that 
used  in  previous  investigations,  and  a  detail  of  the  new  probe 
design  is  presented  in  Figure  3.1. 
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ALL  SURFACES  COATED 
WITH  THIN  SHEATH 
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.0015"  Pt  30%  Rh/Pt  6%  Rh 
THERMOCOUPLE  WIRE 


THERMOCOUPLE  PROBE  DESIGN 


FIGURE  3.1 
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The  probe  support  sheath  is  constructed  of  9  rent 
heavy  wall  quartz  tubing,  and  thus  the  thermal  expansion 
problems  (such  as  warpage)  associated  with  an  uncooled  stain¬ 
less  steel  design  are  eliminated.  More  importantly,  the  use 
of  quartz  also  removes  the  possible  catalytic  effects  ’lich 
may  arise  from  the  presence  of  hot  stainless  steel  surfaces. 

Ten  one -thousandth  inch  diameter  lead  wire  of 
identical  composition  to  that  of  the  actual  junction  wire 
extends  the  length  of  the  probe  and  is  contained  in  twin 
bore,  99%  alumina  insulators.  Each  wire  is  held  stationary 
at  the  entrance  to  the  alumina  nearest  the  thermocouple  junc¬ 
tion,  by  a  fused  bead  enclosed  in  501  Ceramabond  Cement. 

The  actual  thermocouple  junction  is  formed  from  .0015  inch 
wire  fused  to  the  .010  inch  lead  wire,  and  junction  bead 
diameters  are  kept  as  near  the  same  diameter  as  the  junction 
wire  as  possible  (always  less  than  2  wire  diameters). 

3.1.1  Corrections 

A  number  of  possible  physical  and  chemical  effects 
are  present  which  can  cause  the  actual  undisturbed  tempera¬ 
ture  of  the  reacting  flow  and  the  temperature  measured  by 
the  probe  to  be  different. 

(i)  Conduction 

Conduction  to  or  from  the  thermocouple  junction 
from  hotter  or  to  colder  regions  of  the  junction  and  lead 
wires  can  cause  steady  state  temperatures  at  the  junction  to 
be  different  from  the  bath  temperature.  This  problem  is  not 
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of  significant  consequence  in  the  present  measurements  since 
the  junction  wire  extends  from  the  junction,  normal  to  the 
flow,  and  the  temperature  of  the  reacting  gas  is  both  radially 
uniform  and  changes  only  slowly  longitudinally. 

(ii)  Radiation 

Radiation  losses  from  the  junction  to  a  cold  sur¬ 
rounding  atmosphere  could  be  notable  at  reaction  temperatures 
o 

near  1200  K.  However,  the  junction  sees  only  the  surrounding 
hot  reactor  walls  which  are  at  temperatures  within  10-20°K 
of  the  reacting  gas  (see  Section  2.21).  Radiative  tempera¬ 
ture  corrections  can  be  crudely  approximated  (as  in  [30])  by 
considering  a  sphere  of  diameter  d  ,  at  steady  state  tempera¬ 
ture  Tc  ,  immersed  in  a  gas  of  thermal  conductivity  \  and 
temperature  Tg  (Tg>  Tc).  By  equating  the  energy  radiated 
to  the  surrounding  environment  to  that  transferred  to  the 
sphere  from  the  gas  (^eSpjje^  1): 

T^-Tc.  -  &cr  cL  Tc.  -Tjj- 


2A 


Using  upper  limit  values  for  conditions  in  the  turbulent 

flow  reactor,  i.e.,  r  |  cm'sec  K  t  ^ 

-S  _/  -4-  -/ 

CTe  5.6  5*10  EH  &  cm  K  SEC 

To>  c  ^  Tcp  l^°  * 


T%  -7-c  =  1.5  K 

T,ius,  the  radiation  correction  is  seen  to  very  small  and 
relatively  constant. 
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(iii)  Stagnation  Corrections 

Mach  number  of  the  flow  is  not  large  enough  to 
make  this  correction  significant. 

(iv)  Catalysis 

The  principal  chemical  disturbance  of  the  probe  is 
the  promotion  of  catalytic  reaction  on  the  junction  wire  sur¬ 
faces,  particularly  since  most  high  temperature  thermocouple 
measurements  are  made  with  nobel  metals.  Catalysis  effects 
in  laminar  flame  temperature  measurements  have  been  described 
by  Friedman  and  Burke  [17]  and  Kaskan  [31].  They  attribute 
spuriously  high  temperature  measurements  and  hysterisis  in 
measured  temperature  profiles  to  catalytic  reactions  occurring 
on  the  exposed  thermocouple  surfaces.  (Similar  disturbances 
have  been  noted  in  diffusion  flames  studies  in  this  labora¬ 
tory  [32]).  Encapsulation  of  the  thermocouple  metal  surfaces 
with  a  thin  sheath  of  silica  was  shown  to  significantly 
reduce  the  observed  effects.  However,  Cookson,  et.  al.  [3  ] 
has  shown  that  removal  of  catalysis  problems  is  not  a 
sufficient  condition  for  complete  elimination  of  all  chemical 
effects.  They  demonstrated  that  recombination  reactions 
within  the  thermocouple  boundary  layer  can  also  cause  measure¬ 
ment  errors,  and  these  errors  can  be  reduced  or  extrap¬ 
olated  out  by  decreasing  the  (coated)  junction  to  the  smallest 
possible  diameter. 

Silica  coatings  have  been  applied  to  thermocouple 
probe  junctions  in  previous  turbulent  flow  reactor  studies 
to  minimize  catalysis.  However  no  direct  evidence  of  the 
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problem  ,as  been  previously  noted.  Hysteresis  of  the  measured 
profiles  has  never  been  significant,  but  destruction  of  the 
junction  (from  proposed  high  catalytic  heat  release  on  the 
wire  surface)  has  been  attributed  to  degradation  of  the  non- 
catalytic  coating.  In  the  present  research,  the  following 
experiments  have  clearly  shown  that  the  integrity  of  the 
silica  coating  is  more  important  than  previously  realized, 
and  that  its  degradation  need  not  necessarily  result  in  destruc¬ 
tion  of  the  thermocouple  junction  itself. 

Using  the  methods  described  in  Appendix  A,  thermal 
analysis  measurements  were  carried  out  on  a  high  temperature 
methane/air  reaction  zone.  It  was  recognized  that  the  analysis 
technique  might  yield  incorrect  rate  data;  however,  any  depen¬ 
dence  of  measurements  from  the  same  reaction  zone  on  the  probe 
junction  coating  character  would  be  clearly  indicative  of 
catalysis  effects. 

A  thermocouple  probe  junction  of  .0015  inch  diameter 
Pt  30%  Rh/Pt  6%  Rh  wire  was  coated  with  a  thin  silica  sheath 
by  immersing  it  in  a  propane/air  flame  seeded  with  hexamethyl- 
disiloxane  (see  Figure  3.2a).  A  second  thermocouple  probe 
(uncoated)  was  immersed  in  the  flame  for  the  same  period  of 
time  without  coating  compound  added  (see  Figure  3.2b).  Two 
sets  of  measurements  were  made  with  the  coated  thermocouple 
probe.  After  the  first  set  of  measurements,  slight  physical 
flexure  of  the  junction  was  applied  to  "crack"  the  coating 
(see  Figure  3.2c).  Comparison  of  the  resulting  second  set 


a  SILICA  COATED  b  UNCOATED  THERMOCOUPLE 

THERMOCOUPLE  JUNCTION  JUNCTION 


c  SILICA  COATED 

THERMOCOUPLE  JUNCTION 
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FIGURE  3.2 


60 


of  measurements  to  those  with  the  silica  coating  intact  are 
shown  in  Figure  3-3.  Note  rhe  shift  in  "thermal  analysis" 
rate  with  the  physical  character  of  the  coating.  Comparison 
of  the  results  of  the  "cracked"  probe  with  those  of  the  un¬ 
coated  probe  (Figure  3.4)  demonstrate  the  strong  effect  of 
the  slightest  degradation  in  the  protective  silica  coating. 

It  should  be  noted  that  throughout  all  the  tests,  no  changes 
in  the  physical  character  of  the  temperature  profile 
(hysteresis,  temperature  oscillation)  were  observed. 

The  decisive  conclusion  is  that  any  available 
metallic  thermocouple  surface  in  the  vicinity  of  the  junction 
can  cause  serious  error  in  the  resulting  temperature  measure¬ 
ments.  Following  the  above  tests,  pre-  and  post-run  micro¬ 
scopic  inspections  of  the  thermocouple  silica  coating 
(similar  to  those  shown  in  Figure  3.2)  were  carried  out  in 
each  flow  reactor  experiment.  For  those  experiments  in  which 
a  defective  (chipped  or  cracked)  coating  was  noted,  the  results 
were  immediately  discarded. 

3.1.2  Resolution 

Spatial  resolution  of  thermocouple  measurements  in 

a  low  Mach  number  flow  has  been  estimated  to  be  about  10 

diameters  [30]  of  the  thermocouple  junction;  this  is  approx- 
.  -3 

imately  5  x  10  cm  m  the  present  experiments.  This  dimen¬ 
sion  is  extremely  small  compared  to  the  dimensions  of  the 
flow  reactor  and  is  also  insignificant  in  comparison  to  the 
positional  accuracy  of  the  thermocouple  probe  measurements 
(-  .1  cm) . 
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FIGURE  3.3 


TEMPERATURE  PROBE  CATALYSIS 
COMPARISON  OF  "COATED"  a  "CRACKED"RESULTS 
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FIGURE  3.4 


TEMPERATURE  PROBE  CATALYSIS 
COMPARISON  OF  "CRACKED"  8  UNCOATED  RESULTS 
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3.1.3  Electrical  Circuitry 

All  temperature  measurements  were  made  with  thermo¬ 
couple  probes  constructed  of  Platinum  30%  Rhodium/Platinum 
6%  Rhodium  thermocouple  wire  supplied  by  Englehard  Industries 
(the  higher  percentages  of  Rhodium  result  in  improved  structural 
characteristics).  Response  calibrations  were  determined  by 
the  company  on  all  wire  used.  Departure  from  the  NBS  standard 
calibration  tables  [34]  was  so  small  that  these  tables  were 
used  to  interpret  all  measurements. 

Measuring  circuitry  is  presented  in  Figure  3.5. 

Voltage  output  from  the  thermocouple  junction  is  referenced 
by  an  ice  bath  reading  and  is  displayed  on  a  Speedomax  strip 
chart  recorder.  The  recorder  is  biased  by  a  Leeds  &  Northrup 
potentiometer  so  that  a  pen  deflection  of  10  inches/mv  is 

possible.  This  corresponds  to  an  accuracy  of  measurements 
.  + 

of  approximately  -  .5  K;  however,  turbulent  fluctuations  are 
normally  of  the  order  of  -  2K.  Response  characteristics  of 
the  system  are  limited  by  the  recorder  (1  sec.  full  scale). 

3.2  Chemical  Measurements 

Development  of  chemical  measurement  techniques  for 
the  turbulent  flow  reactor  must  be  considered  a  major  contri¬ 
bution  of  this  research.  Addition  of  chemical  measurements 
to  previously  available  experimental  parameters  will  permit 
extension  of  the  basic  turbulent  flow  reactor  technique  to 
detailed  study  of  reaction  systems  which  have  not  been 
researched  (even  on  an  overall  basis)  previously.  Further, 
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accurate  and  more  complete  chemical  characterization  of  reac¬ 
tions  will  be  extremely  helpful  in  developing  detailed  mech¬ 
anisms  through  computer  modeling,  and  it  will  sometimes  permit 
numerical  evaluation  of  elementary  rate  constants. 

Fristrom,  et.  al.  [20,30,35,36]  and  Friedman  and 
Cyphers  [37]  have  discussed  at  length  problems  associated  with 
chemical  measurements  of  simple  hydrocarbon  reactions  in  low 
pressure  flames,  and  Burgoyne  and  Hirsch  [21],  Pratt  [22], 
and  Kozlov  [23]  have  addressed  themselves  to  methane/oxygen 
chemical  studies  in  laminar  flow  reactors  of  small  dimension. 

While  it  would  be  expected  that  the  non-dispersive 
infrared  (NDIR)  or  mass  spectrometric  (MS)  techniques  used 
in  these  studies  would  be  adequate  for  study  of  these  same 
reactions  in  the  turbulent  flow  reactor,  it  is  the  purpose 
of  this  research  to  develop  techniques  which  can  also  be 
extended  to  study  the  higher  hydrocarbon  oxidations.  Chemical 
responses  of  the  above  techniques  are  not  specific  enough  to 
be  independently  useful  in  description  of  such  complex 
chemistry,  and  additional  chemical  analyses  must  be  performed 
by  one  or  more  of  the  exhaustive  techniques  (gas  chromatography, 
wet  methods,  orsat  analysis).  Long  analysis  times  compared 
to  those  for  MS  or  NDIR  are  common  to  all  of  these  latter 
techniques.  Thus,  a  chemical  sampling  technique  must: 

(i)  isolate  a  flow  of  reactive  media  from  a  specific 
point  in  the  reaction  environment, 
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(ii)  prevent  further  chemical  interaction  of  the 
contained  species, 

(iii)  transport  the  sample  flow,  intact,  to  an 
analysis  instrument  (or  suitable  storage 
facility) . 

If  exhaustive  analyses  are  to  be  performed,  the  storage 
facility  must  assure  the  stability  of  the  sampled  chemical 
composition  until  analysis  can  be  completed. 

Tine  [38],  in  his  review  of  the  above  mentioned 
works  and  other  chemical  researches  on  propulsion  devices 
(ramjets,  rockets,  etc.),  points  out  a  critical  difference 
between  laminar  chemical  studies  and  the  present  research. 

It  has  often  been  assumed  (without  justification)  that  the 
random  variations  in  the  distributions  of  chemical  concen- 
tration  gradients  in  turbulent  flows  do  not  adversely  effect 
the  sampled  composition.  It  is  likely  that  such  an  assump¬ 
tion  would  not  be  tenable  in  flows  containing  steep  gradients, 
large  scales  and  high  intensities  of  turbulence.  However, 
in  the  turbulent  flow  reactor  the  turbulence  is  both  uniform 
and  of  small  scale  and  gradients  are  small.  Many  turbulent 
eddies  pass  the  sampling  position  during  the  response  time 
of  the  sampling  syi hem  (approximately  the  sample  system 
volume/sampling  volume  flow  rate),  and  compositional  varia¬ 
tions  of  many  eddies  are  effectively  averaged.  Thus,  the 
necessary  condition  for  kinetic  interpretation  of  the  sampled 
composition  is  that  the  mean  rates  of  change  of  concentrations 
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with  distance  and  the  rates  of  change  of  the  mean  concentra¬ 
tions  with  distance  are  the  same.  In  this  light,  Glassman 
and  Eberstein  [9,10]  have  discussed  the  relative  effects  of 
temperature  and  concentration  fluctuations  in  the  turbulent 
flow  reactor.  For  reaction  mechanisms  with  reasonably  large 
apparent  activation  energies  (>10  kcal/mole),  they  found 
that  temperature  fluctuation  effects  predominate,  but  are, 
in  fact,  small  enough  to  be  neglected. 

With  these  introductory  remarks  in  mind,  attention 
may  be  turned  to  discussion  of  the  versatile  sampling  and 
analysis  equipment  and  techniques  developed  for  turbulent 
flow  reactor  chemical  analyses. 

Instrumentation  will  be  discussed  under  two  major 
subject  areas: 

(1)  chemical  sampling  instrumentation  composed  of 

(i)  that  necessary  for  chemical  sampling 
in  the  flow  reactor 


(ii)  facilities  for  storage  of  samples  for 
exhaustive  analysis. 

(2)  analysis  instrumentation 

3 . 3  Chemical  Sampling  System 


There  are  no  simple  means  of  relating  chemical 
composition  measurements  at  two  axial  locations  (recall  the 


reaction  zone  is  one-dimensional)  in  the  flow  reactor  if 


signiricant  changes  occur  in  the  reaction  zone  during  acquisi¬ 
tion  of  the  samples.  Likewise,  the  number  of  variables  which 


control  the  reaction  zone  creates  obvious  disadvantages  in 
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attempting  to  re-establish  the  same  experimental  conditions 
to  procure  further  chemical  information.  Thus  it  is  best  to 
treat  the  reaction  zone  established  in  each  flow  reactor  run 
as  a  complete  experiment.  Further,  it  must  be  kept  in  mind 
that  the  quasi-steady  character  of  the  variables  controlling 
the  zone  will  limit  the  available  time  in  which  meaningful 
chemical  sampling  results  can  be  procured.  Chemical  informa¬ 
tion  can  be  achieved  by  sampling  simultaneously  or  by  reposi¬ 
tioning  the  same  sampling  probe  at  several  axial  locations. 
Kozlov  [23],  using  the  former  technique,  positioned  a  number 
of  sampling  taps  at  several  locations  in  his  reactor  wall. 
This  approach  must  be  strongly  questioned  since  residence 
times  in  the  flow  boundary  layer  differ  significantly  from 
those  in  the  core  of  the  flow.  Further,  results  may  be 
seriously  effected,  if  not  completely  vitiated,  by  possible 
heterogeneous  reactions  occurring  on  the  hot  reactor  wall. 
Simultaneous  operation  of  several  sampling  devices  in  the 
core  of  the  flow  offers  no  better  solution,  for  the  resulting 
fluid  mechanical  and  chemical  disturbances  of  the  reacting 
media  would  be  unacceptable. 

If  repositioning  a  single  sampling  probe  is  to  be 
a  satisfactory  solution,  the  response  time  o±  the  overall 
sampling  system  to  changes  in  chemical  composition  as  the 
probe  is  moved  must  be  short.  (If  this  is  not  so,  the 
number  of  sampling  positions  sufficient  to  characterize  the 
zone  cannot  be  achieved  before  significant  change  in  the 
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reaction  variables  occur.)  This  obviously  requires  that  the 
volume  of  the  sampling  system  be  minimised  and  that  the 
volume  flow  rate  of  the  sample  stream  be  as  large  as  possible 
(i.e.,  the  system  pressure  be  as  low  as  possible).  Adsorption 
equilibration  of  the  surfaces  contacted  by  the  sample  stream 
as  its  chemical  composition  changes  is  also  of  importance. 
Evaluation  of  trace  specie  concentrations  will  be  completely 
invalidated  if  this  process  is  not  rapid.  Surface  material 
is  important  in  controlling  this  rate  of  equilibration. 

Fristrom  and  Westenberg  [30]  recommend  surfaces  of  Teflon  as 
opposed  to  glass  or  stainless  steel,  and  they  estimate  the 
equilibration  times  to  be  the  order  of  a  few  seconds  (com¬ 
pared  to  the  order  of  minutes  for  glass  or  steel).  It  is 
obvious  that  turbulent  flow  conditions  through  the  sampling 
system  and  heating  of  the  system  surfaces  would  also  be 
beneficial . 

Figure  3.6  is  a  schematic  of  the  constructed  sampling 
system.  Continuous  sample  flow  is  established  by  a  vacuum 
source  of  variable  pumping  rate,  and  system  pressures  are 
maintained  below  10  cm  Hg.  By  operating  at  these  low  pres¬ 
sures,  the  expected  partial  pressure  levels  of  high  boiling 
point  compounds  are  reduced  below  their  vapor  pressures  (at 
room  temperature);  and,  thus,  condensation  is  prevented.  Chosen 
line  diameter  and  flow  rates  assure  turbulent  flow  conditions 
and  system  volume  flush  times  of  less  than  500  msecs.  Where 
possible,  surfaces  contacted  by  the  sample  flow  are  constructed 
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of  Teflon.  Though  the  present  system  is  unheated,  provisions 
have  been  made  for  this  condition  to  be  added  if  it  becomes 
necessary . 


The  sampling  probe  itself  is  constructed  of  304 
stainless  steel  and  is  illustrated  in  Figure  3.7.  Water  cool¬ 
ing  is  necessary  to  insure  its  structural  integrity.  A  flow 
rate  of  1000  ml/min  is  adequate  to  restrict  the  coolant 
temperature  increase  to  less  than  40°C  under  all  sampling 
conditions.  Convection  cooling  of  the  sample  flowing  through 
the  central  capillary  is  the  primary  method  used  to  quench 
the  chemistry  of  the  sampled  stream.  The  chemical  quenching 
time  ('>')  can  be  envisioned  as  the  time  necessary  to  reduce 
the  sample  flow  temperature  from  the  free  stream  value  (T^) 
to  a  lower  temperature  (T2),  the  "quenching  temperature". 

For  a  capillary  tube  of  diameter  (d)  and  wall  temperature 

from  the  empirical 


(T^) ,  Beal  and  Grey  [39]  have  estimated 


relation: 
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They  have  chosen  T^  as  about  1120R  (620K) ;  at  this  tempera- 
tuie,  recombination  reactions  are  much  faster  than  radical- 
molecule  reactions,  and  very  reactive  species  (radicals)  will 
be  rapidly  eliminated  from  the  environment.  The  quenching 
process  is  especially  effective  because  of  the  third  body 
property  of  the  cold  metal  walls. 


It  is  interesting  to  note  that  the  quenching  time  is  inde¬ 
pendent  of  the  sample  flow  rate. 
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construction:  stainless  steel 

WATER  COOLING,  IOOO  ml/min 
MAXIMUM  SAMPLE  FL0W“450cc/min 

GAS  SAMPLE  PROBE  DESIGN 
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With: 


V>  = 


,  ,QxlO-5  c.2  -1 

168  ft  sec 


-75 


,-3 


1.32  x  10  ft  (.016  in) 
2520R  (1400K) 

600R  (320K) 


50^.  secs . 


Halpern  end  Ruegg  [40]  have  suggested  that  convec¬ 
tion  cooling  must  be  supplemented  by  some  other  quenching 
method  (expansion  or  dilution)  to  achieve  suitable  quenching 
in  low  pressure  laminar  flame  studies.  However,  at  the  tem¬ 
peratures  and  pressures  realizable  in  the  turbulent  flow 
reactor,  convection  cooling  is  adequate  for  freezing  stable 
species.  (Typical  times  for  half  reaction  of  these  species 
in  the  flow  reactor  are  about  30, OOOyU.  secs . )  Necessarily 
the  unstable  species  (atoms  and  radicals)  will  recombine  to 
form  stable  products  during  the  quenching  process.  However, 
even  if  concentrations  of  these  unstable  species  were  several 
orders  of  magnitude  greater  than  their  equilibrium  values 
at  1000°K,  stable  product  concentrations  would  not  be  changed 
significantly  by  their  recombination. 

Water  cooling  of  the  pr^be  is  also  beneficial  in 
the  elimination  of  possible  hot  metal  surfaces  from  the 
reaction  zone  which  might  be  conducive  to  acceleration  of 
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must  insure  that  sufficient  sample  is  trapped  to  complete  the 
required  analysis  and  that  compositional  changes  which  might 
occur  during  storage  are  negligible.  In  addition  to  adsorp¬ 
tion  and  condensation,  slower  processes  such  as  polymeriza¬ 
tion,  photochemical  and  heterogeneous  reactions  and  atmospheric 
contamination  can  produce  sample  degradation. 

Condensation  can  be  prevented  (as  it  was  in  the 
primary  sampling  system)  by  heating  of  the  sample  and  by  low 
pressure  storage.  However,  low  pressure  storage  introduces 
the  possibility  of  atmospheric  leakage  into  the  sample  vessels. 
Even  if  small,  when  integrated  over  lengthy  storage  times, 
its  effect  could  be  devastating. 

Fristrom  and  Westenberg  [30]  recommend  that  storage 
containers  be  lined  with  Teflon  or  polyethelyne  to  minimize 
adsorption  effects.  No  successful  method  of  lining  containers 
to  be  used  at  sub  ambient  pressure  is  available.  Furthermore, 
Papa  [42]  has  shown  polyethylene  to  be  one  of  the  more  chemically 
active  surfaces,  producing  rapid  degradation  of  some  chemical 
species.  Thus,  complete  construction  of  containers  of  poly¬ 
ethelyne  is  not  judicious,  and  it  would  be  prohibitively 
expensive  to  use  Teflon.  A  compromising  choice  of  material 
appears  to  be  one  of  high  surface  smoothness  and  low  porosity, 
(such  as  glass)  which,  if  necessary,  can  be  heated  to  decrease 
surface  adsorption. 

Concerning  polymerization,  photochemical,  and  other 
reactive  types  of  sample  degradation,  Dimitriades,  et.  al.,  [43] 
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the  reaction.  In  contrast,  the  outer  cool  surfaces  of  the 

probe  enhance  only  recombination  (quenching)  reactions. 

Aerodynamic  disturbances  of  the  flow  are  minimized 

« 

i 

by  extension  of  the  sampling  probe  (and  parallel  ther’  ocouple 
probe)  from  the  exit  of  the  reactor  by  the  traverse  system 
Oiscussed  in  Section  2.22.  The  tip  of  the  probe  has  also 
been  aerodynamically  shaped.  Fristrom,  et.  al.  [35) 
(experimentally)  and  Rosen  [41)  (theoretically)  have  con¬ 
sidered  the  displacement  of  the  sampling  position  caused  by 
the  rate  of  sample  withdrawal  through  a  probing  device. 

Direct  extension  of  their  results  to  this  work  (because  of 
turbulent  effects)  does  not  appear  feasible.  However,  the 
parameters  which  control  the  magnitude  of  the  mean  displace¬ 
ment  (such  as  free  stream  mean  velocity,  sampling  volume 
f]ow  rate,  probe  radius,  etc.)  are  constant  throughout  the 
reaction  zone.  Thus,  it  would  appear  that  any  mean  displace¬ 
ment  would  also  be  constant  and  therefore  unimportant,  since 
all  sampling  position  measurements  are  used  only  in  a  relative, 
not  absolute,  sense.  (See  Appendix  B.) 

3,3,1  Chemical  Sample  Storage 

As  described  earlier,  the  more  exhaustive  chemical 
analysis  techniques  are  tim'*  consuming  and  are  generally 
incapable  of  being  used  with  continuous  sampling.  Thus,  to 
the  previously  described  system  must  be  added  a  mechanism  to 
trap  and  store  a  discrete  gas  volume  from  each  sampled  posi¬ 
tion  in  the  reaction  zone.  Design  of  such  storage  facilities 
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must  insure  that  sufficient  sample  is  trapped  to  complete  the 
required  analysis  and  that  compositional  changes  which  might 
occur  during  storage  are  negligible.  In  addition  to  adsorp¬ 
tion  and  condensation,  slower  processes  such  as  polymeriza¬ 
tion,  photochemical  and  heterogeneous  reactions  and  atmospheric 
contamination  can  produce  sample  degradation. 

Condensation  can  be  prevented  (as  it  was  in  the 
primary  sampling  system)  by  heating  of  the  sample  and  by  low 
pressure  storage.  However,  low  pressure  storage  introduces 
the  possibility  of  atmospheric  leakage  into  the  sample  vessels. 
Even  if  small,  when  integrated  over  lengthy  storage  times, 
its  effect  could  be  devastating. 

Fristrom  and  Westenberg  [30]  recommend  that  storage 
containers  be  lined  with  Teflon  or  polyethelyne  to  minimize 
adsorption  effects.  No  successful  method  of  lining  containers 
to  be  used  at  sxtb  ambient  pressure  is  available.  Furthermore, 
Papa  [42]  has  shown  polyethylene  to  be  one  of  the  more  chemically 
active  surfaces,  producing  rapid  degradation  of  some  chemical 
species.  Thus,  complete  construction  of  containers  of  poly¬ 
ethelyne  is  not  judicious,  and  it  would  be  prohibitively 
expensive  to  use  Teflon.  A  compromising  choice  of  material 
appears  to  be  one  of  high  surface  smoothness  and  low  porosity, 
(such  as  glass)  which,  if  necessary,  can  be  heated  to  decrease 
surface  adsorption. 

Concerning  polymerization,  photochemical,  and  other 
reactive  types  of  sample  degradation,  Dimitriades,  et.  al,,  [43] 
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concluded  that  storage  system  design  cannot  under  any  circum¬ 
stances  assure  universal  elimination  of  these  effects.  Thus, 
as  each  new  reaction  study  is  initiated  in  the  flow  reactor, 
storage  stability  of  chemical  species  suspected  to  be  formed 
in  the  reaction  should  be  investigated. 

Trapping  and  storage  apparatus  constructed  in  this 
research  are  displayed  in  Figures  3.8  and  3.9.  Up  to  twenty 
individual  sample  containers  may  be  mounted  in  the  sampling 
and  storage  rack  (Figure  3.8).  The  rack  is  installed  in  the 
primary  sampling  system  immediately  upstream  of  the  vacuum 
source;  it  permits  part  of  the  primary  sample  flow  to  be 
diverted  (independently)  to  and/or  through  any  one  of  the 
storage  containers.  Surfaces  contacted  by  the  primary  sample 
flow  are  glass  or  Teflon,  and  all  vacuum  connections  are  made 
with  nylon  Ultra  Torr  high  vacuum  fittings.  The  structure 
of  the  rack  is  made  of  plexiglass.  By  using  electrically 
non-conducting  construction  materials,  detection  of  vacuum 
leaks  can  be  easily  performed  with  high  voltage  discharge 
techniques . 

Each  individual  sample  container  is  approximately 

200  ml  in  volume  and  is  constructed  of  pyrex  (Figure  3.9). 

Ultra  vacuum  port  valves  are  located  at  opposing  ends  of  the 

cylindrical  body.  These  valves  were  chosen  because  of  their 

—  9 

extremely  low  leak  rate  (usable  in  vacuums  to  10  Torr)  and 
because  sealing  can  be  performed  by  "dry"  "0"  ring  fittings. 


TEMPERATURE  PROBES 
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In  general  vacuum  seals  requiring  the  use  of  greases  (silicone, 
apeizon,  etc.)  should  not  be  used  in  chemical  gas  analysis 
systems.  Jeffery  and  Kipping  [44]  point  out  that  vacuum 
greases  are  known  absorbers  of  hydrocarbons,  particularly 
those  in  the  alkene  and  alkyne  series.  Thus,  concentrations 
of  these  species  in  a  contained  sample  might  be  degraded. 

3.3.2  Sampling  System  Procedures 

General  operating  procedures  for  the  complete 
chemical  sampling  system  are  as  follows: 

(i)  Before  an  experimental  flow  reactor  run  is 
made,  the  complete  sampling  system  (primary  system  and  storage 
system)  is  flushed  with  dry  helium,  heated  to  80°C,  sealed, 
and  then  maintained  at  vacuum  pressures  less  than  1  micron 
for  several  hours.  Port  valves  of  the  containers  are  closed 
in  this  evacuated  state. 

(ii)  After  a  reaction  zone  has  been  stabilized  in 
the  turbulent  flow  reactor  (see  Chapter  2),  the  sampling 
system  flow  is  initiated  and  line  pressures  are  adjusted 
between  2  and  10  cm  Hg. 

(iii)  The  probe  traverse  system,  with  sample  and 
temperature  probes  properly  mounted,  is  activated  in  the 
cycle  mode.  (Movement  distances  are  generally  chosen  to 
divide  the  reaction  zone  into  20  equal  parts.) 

(iv)  As  the  probe  reaches  a  sampling  position,  the 
holding  timer  is  activated,  and  the  sample  system  is  per¬ 
mitted  to  flush  approximately  50  times  with  the  flowing 
sample  composition  (  (15  seconds). 
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(v)  Following  this,  part  of  the  primary  sample 
flow  is  manually  diverted  to  and  then  through  a  sample  con¬ 
tainer.  The  container  is  permitted  to  flush  approximately 
4  times. 

(vi)  Port  valves  are  manually  closed,  trapping  a 
volume  of  sample  at  the  previously  set  system  pressure. 

(vii)  The  traverse  system  timers  cycle  and  the 
probes  are  moved  to  the  new  sampling  position. 

Operations  (iv)  through  (vii)  are  repeated  until  all 
sample  containers  are  expended.  After  conclusion  of  the  run 
the  sampling  system  (external  to  the  containers)  is  sealed 
and  pumped  to  pressures  less  than  1  micron.  Each  container 
is  removed  immediately  before  its  analysis  and  is  otherwise 
stored  at  high  vacuum  in  the  rack.  Construction  of  the  sample 
containers  insure  that  under  these  conditions  all  leakage 
during  storage  will  be  out  of,  rather  than  in  to,  the  containers. 
Also,  during  storage,  light  sources  in  the  sampling  room  are 
extinguished  to  eliminate  energy  sources  for  photo  chemical 
reactions . 

3.4  Chemical  Analysis 

Gas  Chromatography  (GC)  has  evolved  from  the  early 
researches  of  Martin  and  James  [45]  to  become  the  most  commonly 
used  exhaustive  gas  analysis  technique.  The  small  amounts  of 
sample  necessary,  the  rapidity  with  which  analysis  can  be 
completed,  and  the  ease  with  which  detector  signals  can  be 
registered  and  repeated  all  have  played  a  role  in  establishing 
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this  general  acceptance.  The  most  distinct  advantage  of  GC 
is  the  speed  of  analysis  relative  to  other  extensive  tech¬ 
niques.  Each  sample  injection  permits  a  qualitative  and 
quantitative  identification  of  the  contained  compounds;  and, 
sensitivity  (detection  limit),  with  some  detector  systems,  can 
be  as  small  as  1  part  per  billion.  Further,  GC  offers  the 
possibility  of  easily  detecting  isomers  of  the  same  compound, 
which  by  other  methods  is  extremely  difficult  or  impossible. 

The  major  disadvantage  common  to  all  extensive 
analysis  techniques  is  that  analysis  times  are  lengthy  and 
generally  necessitate  sample  storage.  In  many  cases,  a 
manner  of  -.corage  in  which  the  sample  composition  is  satis¬ 
factorily  maintained  cannot  be  found t  and  accuracy  of  analyses 
is  therefore  questionable. 

A  theoretical  treatment  of  the  gas-liquid  and  gas- 
solid  separation  phenomena  which  gas  chromatography  employs 
is  rarely  of  direct  help  to  the  researcher  (at  least  at 
present)  and  will  therefore  not  be  discussed  here.  See 
[46-54] .  It  is,  however,  felt  that  a  very  brief  de¬ 
scription  of  the  technique  is  worthwhile. 

An  instrumental  flow  system  similar  to  that  of 
Figure  3.10(a)  is  basic  to  all  GC's.  It  includes  a  carrier 
source,  an  oven  containing  the  GC  column  which  will  perform 
the  component  separation,  and  a  detector  which  responds  to 
some  physical  or  chemical  character  of  the  species  to  be 
determined.  A  small  amount  of  the  sample  to  be  analyzed  is 
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injected  into  the  flowing  carrier  upstream  of  the  separating 
column.  As  this  gas  volume  passes  through  the  column,  each 
contained  chemical  component  moves  at  a  rate  determined  by 
its  physical  or  chemical  affinity  for  the  "packing"  material 
within  the  column.  Substances  having  differing  affinities 
will  "elute"  from  the  columns  at  different  times.  Those 
having  nearly  the  same  or  identical  affinities  will  elute, 
"unresolved"  (at  or  nearly  at  the  same  time)^,a:nd  some  com¬ 
ponents  may  be  totally  impeded  in  the  column  and  not  elute 
at  all  (e.g.,  CO ^  does  not  pass  through  molecular  seive 
packings).  Compounds  with  different  retention  times  (time 
from  injection  to  elution  of  the  maximum  concentration  of  the 
specie)  will  elute  as  binary  mixtures  with  the  carrier,  and 
their  presence  can  be  quantitatively  sensed  by  a  suitable 
detector.  In  some  cases,  a  selective  detector  (one  which 
responds  to  only  a  special  family  of  compounds)  will  permit 
quantitative  detection  of  compounds  which  elute  with  one  or 
more  other  compounds  to  which  the  detector  is  insensitive. 

Every  chemical  specie  has  a  characteristic  reten¬ 
tion  time  which  is  a  function  of  the  specific  column  packing, 
carrier  flow  rate  and  molecular  weight,  and  the  column  pres¬ 
sure  and  temperature.  Of  these,, the  more  critical  variables 
are  column  packing  ar.d  temperature .  To  present,  no  single 
packing  material  has  been  found  which  would  permit  complete 
separation  of  all  possible  species  in  a  sample  mixture.  Thus, 
several  partial  analyses  on  different  column  materials  are 
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generally  necessary.  Special  methods  of  performing  these 
multiple  analyses  have  aided  in  reducing  total  analysis  times; 
however,  no  single  innovation  has  been  as  effective  as  tem¬ 
perature  programming.  Temperature  programmed  gas  chromatography 
(TPGC )  requires  an  instrumental  flow  system  as  in  Figure  3.10(b). 
The  detector  output  of  the  reference  system  is  opposed  to  the 
primary  analysis  system.  This  minimizes  detector  signal 
drift  from  column  "bleed"  (loss  of  liquid  coating  on  packing 
material  and  re-adjustment  of  adsorption/absorption)  during 
temperature  programmed  operation. 

If  a  single  column  material  is  operated  under  iso¬ 
thermal  conditions,  efficient  separation  of  compounds  is 
generally  limited  to  those  having  boiling  points  within  50I< 
of  one  another.  At  low  isothermal  operating  temperatures 
(see  Figure  3.11)  the  higher  boiling  point  compounds  will  have 
extremely  long  retention  times.  Their  elution  bands  (peaks) 
will  be  very  broad,  and  there  will  be  a  resulting  loss  in 
apparent  detector  sensitivity.  At  high  isothermal  operating 
temperatures,  the  low  boiling  point  compounds  will  elute  very 
rapidly  with  similar  retention  times, and  the  resulting  peaks 
will  not  be  well  resolved.  However,  by  enclosing  the  column 
in  an  oven  which  can  undergo  a  temperature  excursion  as  the 
analysis  is  proceeding,  all  compounds  will  elute  well  resolved 
with  nearly  the  same  band  (peak)  width  in  a  much  shorter  time. 
Each  peak  will  be  much  more  amenable  to  accurate  measurements. 
Although  closely  spaced  peaks  will  not  be  better  resolved  than 
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ISOTHERMAL  OPERATION,  LOW  TEMPERATURE 
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TEMPERATURE  PROGRAMMED  OPERATION 
SEPARATION  CHARACTERISTICS 
AND  COLUMN  TEMPERATURE  FIGURE  3  I 


they  .-would  be  under  isothermal  operation,  separation  of  all 
pairs  will  approach  the  best  attainable  at  any  temperature. 

A  complete  review  of  TPGC  is  beyond  the  scope  of 
this  work,  as  it  has  become  in  itself  a  subject  of  major 
dimension.  (For  further  information,  see  [54].) 

3.5  Instrumental j  on 

In  general,  the  precision  of  gas  chromatographic 
techniques  is  determined  not  only  by  the  method  of  analytical 
separation,  but  by  the  repeatability  and  accuracy  of  the 
sample  injection  system,  the  type(s)  of  sensing  detector  (s), 
and  the  way  in  which  each  detector  output  is  used  to  deter¬ 
mine  quantitative  and  qualitative  information.  Discussion  of 
each  and  every  of  the  available  choices  of  these  particular 
aspects  is  beyond  the  scope  of  the  present  work  ,  and  the 
reader  is  referred  to  the  following  references  [44,51,54]. 

In  the  following  paragraphs  the  accepted  method¬ 
ology  and  instrumentation  in  each  of  the  above  mentioned  areas 
will  be  briefly  described.  Basic  analysis  instrumentation  is 
composed  of  a  number  of  equipment  modules  available  for  the 
Hewlett  Packard  7624A  research  gas  chromatography  system. 
Photographs  of  the  instruments  and  the  developed  support  equip¬ 
ment  are  presented  in  Figures  3.12  -  3.14. 

The  Hewlett  Packard  (HP)  7624  gas  chromatograph 
provides  the  researcher  with  the  necessary  equipment  for 
general  gas  analvsis  by  state  of  the  art  techniques.  Column 
oven  and  electronic  design  permits  isothermal  or  matrix 
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temperature  programming  analysis  from  cryogenic  temperatures 
(to  -95°C)  to  500°C.  Dual  column  operation  for  all  column 
sizes  from  those  for  preparatory  use  to  capillary  open 
tubular  techniques  is  available,  and  simultaneous  series  or 
parallel  operation  of  up  to  two  detector  systems  is  possible. 
More  detailed  information  on  the  7624  basic  system  and  the 
additional  module  components  mentioned  in  the  following  dis¬ 
cussion  can  be  found  in  [55] . 

3.5.1  Separation  Techniques 

Of  prime  importance  in  the  chemical  analysis  of  the 
turbulent  flow  reactor  studies  is  efficiency  in  consumption 
of  time  and  sample.  Reduction  of  sample  storage  time  can  be 
of  critical  importance  to  accuracy  of  the  experiment,  and 
design  considerations  of  the  sampling  procedure  severely  limit 
the  amount  of  raw  sample  available  to  complete  extensive 
analytical  study.  Choice  of  the  separation  technique  (way 
in  which  sample  components  are  separated  for  detection)  is 
most  important  in  conservation  of  these  quantities. 

History  has  demonstrated  that  the  basic  GC  unit 
(i.e.,  single  column,  direct  sample  injection)  is  of  proven 
reliability  in  quantitative  analysis,  and  temperature  pro¬ 
gramming  has  significantly  increased  the  information  avail¬ 
able  with  each  analysis  on  a  single  column  material.  But 
multiple  separations  on  several  column  materials  are  generally 
required  to  complete  the  more  exhaustive  analyses.  Introduc¬ 
tion  of  fluid  mechanical  complexities  -  sample  splitting, 
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subtractive  column  treatment,  multi  stage  separation  (column 
switching),  back  flushing  -  to  speed  separations,  significantly 
shorten  extensive  analysis  times.  However,  these  methods  are 
generally  accompanied  by  inherent  decreases  in  the  precision 
of  the  results,  the  magnitude  of  which  will  depend  on  the 
complexity  of  the  chosen  analytical  design  .  Selection  of 
the  separation  technique  itself  is  very  dependent  on  the  species 
expected  to  be  important  in  the  analysis. 

With  regard  to  the  turbulent  flow  reactor  experiments, 
each  new  area  of  study  will  most  likely  involve  new  or  addi¬ 
tional  species  of  importance  and,  thus,  a  new  or  modified  separa¬ 
tion  technique.  In  reference  to  the  present  studies,  the 
separation  of  the  permanent  gases,  simple  alkanes  and  alkenes, 
and  some  of  the  simple  hydrocarbon  oxygenates  are  of  specific 
interest.  Many  partial  separations  of  these  compounds  have 
been  described  in  the  literature  [56] .  Complex  flow  systems 
[57]  or  multiple  sample  injections  would  thus  be  necessary  for 
complete  analysis.  With  introduction  of  commercial  equipment 
capable  of  cryogenic  temperature  programming  (Perkin  Elmer, 

1967;  Hewlett  Packard,  1969)  and  development  of  column  packing 
materials  consisting  of  porous  polymer  beads,  a  simple  GC 
system  which  would  have  the  necessary  separation  characteristics 
appeared  plausible. 

Baum  [58]  first  described  the  use  of  prrous  poly- 
tehylene  as  a  low  temperature  packing  support,  and  Hollis  [59] 
introduced  the  use  of  polyaromatic  porous  polymer  bead  columns 
for  separation  of  gaseous  mixtures  containing  water.  By 
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operating  the  column  at  -78°C,  he  demonstrated  the  separation 
of  the  permanent  gases  (H,,,  N,,,  0 2,  Ar,  CO).  Similar  separa¬ 
tions  have  been  performed  in  this  laboratory  on  porous  polymer 
beads  (Poropak  Q  and  Chromosorb  102)  by  using  a  cryogenic 
temperature  program  (see  Figure  3.15).  However,  these  materials 
alone  do  not  resolve  the  and  hydrocarbons  (C2H2<  C2H4' 
C2H^,  C^Hg),  and  trace  analysis  of  CH20  is  imp  .ired  due 

to  the  very  strong  peak  tailing  of  water.  Development  of  other 
porous  column  packing  materials  and  comparisons  of  their 
chromatographic:  properties  [60]  indicated  that  composite  columns 
of  these  materials  could  solve  these  problems. 

Extensive  effort  was  necessary  to  develop  a  success¬ 
ful  column  and  reduce  baseline  drift  to  acceptable  levels 
during  cryogenic  programming.  However,  a  resulting  composite 
column  packing  of  two  types  of  porous  polymer  beads  and  a 
matrix  temperature  program  was  determined  which  separates  H2, 

N2,  02,  Ar,  CO,  CH4,  C02,  C2H4,  C2H2,  C2H6,  CH20,  H20,  CHgOH 
mixtures.  With  selective  detection,  amounts  of  C^Hg  and  C^H^ 
can  also  be  quantitatively  analyzed,  if  quantitative  detection 
of  water  and  CH20  are  unimportant.  The  simpler  fluid  mechan¬ 
ical  design  and  temperature  programming  significantly  improve 
experimental  precision  while  conserving  the  time  necessary  for 
analysis.  Further,  the  same  separation  technique  will  be  use¬ 
ful  in  studies  of  other  of  the  simpler  hydrocarbon  oxidations 
in  addition  to  that  of  methane. 


THERMAL  CONDUCTIVITY  DETECTOR! 

260  ma  @  I30°C 

12  ft  DUAL  COLUMNS, 80/100  MESH,POROPAK  Q 

HELIUM  FLOW  RATE  OF  50  ml /min 

TEMPERATURE  PROGRAM !  -95  °C  TO  -75°C 
@  2°/min  ,  -75°C  TO  I50°C  @  307min 
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3)  2  %  ARGON 
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5)  2%  CH4 
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Details  of  the  composite  column  design,  temperature 
program,  other  operating  conditions,  and  component  retention 
times  are  deferred  to  Chapter  4. 

. 3.5.2  Detection  Methods 

In  the  present  work,  two  detector  systems  are 
applied:  (1)  the  thermal  conductivity  detector  (TCD),  a 

"universal"  detection  technique,  and  (2)  the  flame  ionization 
detector  (FID),  a  "selective"  detection  method  particularly 
suitable  for  sensing  hydrocarbon  species.  Clear  description 
of  other  available  detection  methods  can  be  found  in  f44]  or 
(51].  In  comparison,  the  chosen  techniques  have  better  sta¬ 
bilities  (limited  instrumental  signal  drifts)  and  wider  linear 
dynamic  ranges.  (Linear  dynamic  range  is  the  ratio  of  the 
largest  to  smallest  concentration  to  which  the  detector  will 
respond  in  a  linear  fashion.)  Selection  of  carrier  gas  is 
not.  important  to  their  operation,  but  does  significantly  alter 
their  responses. 

3.5. 2.1  The  Thermal  Conductivity  Detector 
The  TCD  fulfills  the  need  for  a  detection  scheme 
responsive  to  all  chemical  compounds  (i.e.,  universal  detec¬ 
tion  method).  It  belongs  to  the  class  of  differential  detec¬ 
tors  which  measure  some  physical  property  of  the  separated 
gaseous  components.  The  use  of  this  detector  is  particularly 
important  for  determination  of  chemical  compositions  which 
contain  the  permanent  gases  (CO,  C02,  N2,  02,  H2,  etc.). 

The  TCD  essentially  compares  the  thermal  conductivity 
of  the  carrier/specie  mixture  to  that  of  the  pure  carrier. 
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For  binary  mixtures,  such  a  measurement  is  indicative  of  the 
concentration  of  the  detected  component.  It  is  clear  that 
the  specific  response  of  the  detector  is  related  to  the  magni¬ 
tude  of  the  thermal  conductivity  difference  between  the  carrier 
and  the  species  to  be  sensed,  and  this  fact  dictates  the  choice 
of  carrier.  For  heavier  molecular  species  (  1  )» 

a  very  light  carrier  gas  such  as  helium  or  hydrogen  produces 
the  best  responses.  However,  detection  of  one  of  these  latter 
gases  in  a  carrier  of  the  other  has  limited  sensitivity,  and 
anomalous  results  occur  as  the  mixture  ratio  changes  over  a 
wide  range  [61] . 

Response  is  also  a  strong  function  of  the  construc¬ 
tion  of  the  detector  cell  itself.  Recent  developments  at 
Hewlett  Packard  show  promise  of  achieving  sensitivities  near 
those  of  the  FID  [62]  in  future  instruments.  Pertinent  design 
data  for  the  Hewlett  Packard  (HP)  Model  7645A  TCD  used  in  these 
studies  are  presented  in  Table  3.1  along  with  typical  sensi¬ 
tives  for  some  common  compounds. 

3. 5. 2. 2  Flame  Ionization  Detector 

Ionization  detectors  operate  on  the  proportionality 
of  charged  particle  concentration  and  electrical  gas  conduc¬ 
tivity.  The  flame  ionization  detector  (FID)  creates  ions 
from  the  component  eluring  from  the  GC  column  by  combining 
the  effluent  with  a  flow  of  hydrogen  and  burning  the  mixture 
in  oxygen  or  air. 
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thermal  conductivity  detector  ' 

MODEL  7645A  SPECIFICATIONS 
From  Reference  [55] 


TYPE  DETECTOR 

Four  filament  detector 
(two  filaments  per  car¬ 
tridge)  . 

High  sensitivity  DPS 
split  spiral,  flow  thru. 


OPERATING  TEMPERATURE 

Ambient  to  425°C.  Typi¬ 
cal  heat-up  time  to  350°C 
in  four  hours. 


TYPE  filaments 

Tungsten-Rhenium,  passi¬ 
vated  for  greater  protec¬ 
tion  against  oxidation 
damage . 


FILAMENT  REPLACEMENT 

Readily  changed  filament 
cartridges. 

FILAMENT  PROTECTION 

Automatic  pressure  switch 
(detector  protector)  to 
cut  off  current  when 
carrier  pressure  falls. 
(Cut  off  pressure  between 
4-8  psig) . 


RECOMMENDED  CARRIER  GAS 

Helium  from  5-200  ml/min 
(up  to  350  ml  for  prep 
work . ) 


CELL  VOLUME 

0.72  cc  per  two  filament 
cartridge. 

FLOW  SENSITIVITY 

Relatively  insensitive  to 
flow  change:  h  mV  for  flow 
change  of  one  stream  from 
30  to  150  ml/min.  at  150 
ma  and  350  C. 


TEMPERATURE  REGULATION 

Power  proportional  tempera¬ 
ture  controller  with  plati¬ 
num  sensor;  independently 
heated  buffer. 


TYPICAL  NOISE 
+ 

-1/4%  at  following  condi¬ 
tions:  150  ma.  attenuation 
IX,  detector  isothermal  at 
350°C. 


TYPICAL  DRIFT 

-4%/hr.  at  following  con¬ 
ditions:  150  ma  attenuation 
IX,  detector  isothermal  at 
35 0°C. 


TABLE  3.1(a) 
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TYPICAL  TCD  DETECTOR  SENSITIVITIES 
AT  HIGH  FILAMENT 
CURRENT  OPERATION 
From  Reference  [63]* 


CONDITIONS:  Filament  current  290  ma 
1  ml  sample  volume . 

Helium  carrier  gas  40  ml/ 
minute . 


Gas 


Minimum  Detectible  Limit 
(PPM) 


300 

4 
8 

5 


C02  5 

CH4  11 


Relative  response  information  of  many  other  compounds  can 
be  found  in  [64,65]. 


TABLE  3.1(b) 
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The  degree  of  ionization  (response)  of  a  specie  is 
dependent  in  most  cases  on  the  number  of  carbon  atoms  it  con¬ 
tains.  Upon  introduction  of  the  FID  in  1958,  it  was  assumed 
that  thermal  ionization  was  the  operating  mechanism.  More 
recent  evidence  indicates  this  plays  only  a  minor  role. 
Sternberg,  et.  al.,  [66]  give  a  comprehensive  discussion  of  the 
presently  proposed  theories. 

Table  3.2  presents  pertinent  operational  data  .or 
the  (HP)  Model  7635A  FID  Detector  and,  also,  a  list  of  com¬ 
pounds  giving  little  or  no  response  by  this  technique.  This 
selective  detection  property  can  be  important  in  determining 
hydrocarbons  in  incompletely  resolved  mixtures  of  one  or  more 
of  the  above  compounds.  Hydrocarbon  sensitivity  of  this  de¬ 
tector  is  approximately  1000  or  more  times  greater  than  that 
available  with  present  TCD  designs. 

3.5.3  Sample  Injection  System 

Precision  of  the  complete  analytical  system  is  to 
a  large  degree  determined  by  the  way  in  which  the  sample  is 
introduced  into  the  GC.  Repeatability  of  the  injection 
process  is  obviously  important.  However,  one  of  the  condi¬ 
tions  for  maximizing  chromatographic  response  is  that  the 
sample  transfer  technique  must  also  be  as  rapid  as  possible, 
avoiding  contamination  or  dilution  and  interfering  as  little 
as  possible  with  the  flow  of  carrier  gas . 
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FLAME  IONIZATION  DETECTOR 
MODEL  7635A  SPECIFICATIONS 
From  Reference  [55] 


TYPE 

Dual  detector  unit 

OPERATING  TEMPERATURE 

Ambient  to  500°C  -  platinum 
feedback  for  temperature 
control 

JETS 

Dual  -  each  isolated  with 
operating  potential  of  350 
VDC 


LINEAR  OPERATING  RANGE 

g 

Over  10  with  propane 
sample 

SENSITIVITY 

40  millicoulombs/grams 
of  carbon  with  hydro¬ 
carbon  sample  and  oay-- 
gen  as  combustion  gas 
(10  me  with  air) 

FLAME  IGNITION 

Pushbutton  flame  ignitor 
for  both  fl aines 


COMPOUNDS  GIVING  SMALL 
OR  NO  RESPONSE  IN  THE 
FLAME  DETECTOR* 


He 

cs2 

nh3 

Ar 

cos 

CO 

Kr 

H2S 

C°2 

Ne 

S02 

H2° 

Xe 

NO 

sici4 

°2 

n2° 

SiHCl 

N2 

no5 

ch2o 

SiF4 

Other  response  information  pertaining  to  many  other  com¬ 
pounds  can  be  found  in  [65] . 


TABLE  3.2 
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Precision  of  the  experiment  can  clearly  be  improved 
by  averaging  the  results  of  several  measurements  (sample  in¬ 
jections).  If  only  small  quantities  of  the  sample  are  avail¬ 
able,  each  transfer  of  sample  to  the  GC  therefore  must  waste 
as  little  as  possible. 

Transfer  from  storage  to  the  GC  instrument  involves 
one  of  two  processes:  direct  injection  into  the  carrier  gas 
stream  by  hypodermic  needle  or  transfer  by  constant  volume 
by-pass  sampling  loops.  The  former  system  is  obviously  diffi¬ 
cult  with  gaseous  systems  and  generally  offers  poor  precision. 
Sample  transfer  systems  of  the  latter  design  have  been  detailed 
in  [44] .  The  utility  of  valve  systems  employing  by-pass 
transfer  loops  was  recognized  early  in  the  development  of  sample 
transfer  devices.  The  basic  function  of  the  sample  valve  is 
to  reproducibly  transfer  a  fixed  volume  of  continuously  flow¬ 
ing  or  stored  sample  into  the  carrier  gas  stream  by  inter¬ 
changing  two  loops  of  matched  volume.  However,  with  external 
calibration  techniques  (i.e.,  measurement  of  integrated 
response  to  a  known  pre-determined  concentration  of  the  specie 
to  be  calibrated),  constant  volume  transfer  is  not  a  sufficient 
condition.  For  precise  results,  repeatability  in  the  number 
of  moles  transferred  is  important.  In  view  of  the  perfect  gas 
equation,  this  means  that  the  pressure  and  temperature  of  the 
transfer  process  must  also  be  fixed.  Temperature  control  is 
easily  achieved  by  heating 
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the  sampling  transfer  valve.  Control  of  the  transfer  system 
pressure  has  previously  been  accomplished  by  manometer  or 
transducer  measurements  or  by  diluting  a  known  amount  of 
sample  with  inert  to  a  specific  pressure.  Both  of  these 
methods  are  inapplicable  in  the  present  situation.  Conven¬ 
tional  pressure  measurements  necessitate  that  a  significant 
amount  of  sample  be  wasted  in  each  transfer,  thus  limicing 
the  possible  number  of  repetitive  analyses.  Further,  dilu¬ 
tion  techniques  are  not  amenable  to  trace  analysis  of  the 
permanent  gases. 

To  solve  this  dilema,  a  novel,  simple,  minimum 

volume  method  which  accurately  repeats  transfer  pressure, 

volume,  and  temperature  has  been  devised.  A  schematic  of  the 

transfer  system  is  presented  in  Figure  3.16.  Volume  and 

temperature  of  the  transferred  sample  is  controlled  by  a 

HP  Model  19021A  heated  gas  sampling  valve.  Transfer  volume 

(loop)  siaes  of  .5,  1,  2,  5,  10  and  20  ml  are  available, 

+ 

and  temperature  can  be  accurately  controlled  to  -  2K  in  the 
o 

range  40-200  C.  Volume  of  the  transfer  system  is  less  than 
1  ml  (excluding  the  loop  volume).  By  first  applying  a  hard 
vacuum  to  the  transfer  system  and  then  filling  it  with 
sample  to  the  desired  pressure,  minimum  waste  of  sample  is 
assured. 

Transfer  pressure  is  controlled  by  a  cartesian  mano- 
stat/check  valve  arrangement  which  does  not  add  further  waste 
volume  to  the  system  and  controls  pressure  to  -  1  mm  Hg. 


GAS  CHROMATOGRAPH  SAMPLE 
TRANSFER  SYSTEM 


For  samples  stored  at  pressure  below  that  controlled  by  the 
manostat,  a  mercury  displacement  system  for  comprassing  the 
stored  sample  to  pressures  greater  than  .7  atmospheres  has 
been  devised.  Mercury  displacement  can  be  used  without 
effecting  sample  composition,  providing  the  sample  does  not 
contain  nitrogen  dioxide  or  hydrogen  sulphide  and  the  com¬ 
pressed  pressure  does  not  exceed  that  level  which  produces 
condensation.  Available  choices  of  system  pressure  and  sample 
loop  volume  can  successfully  eliminate  the  latter  problem. 

3.5.4  Chromatographic  Data  Reduction  Techniques 

Required  relative  precision  and  the  immense  amount 
of  data  expected  in  these  experiments  necessitate  the  use  of 
automatic  data  handling. 

All  detector  output  data  is  integrated  electronically 
to  give  both  retention  time  and  area  response  of  each  sensed 
compound.  The  sophisticated  electronics  of  an  HP  Model  3370A 
Integrator  provide  automatic  correction  of  null  voltage  shift 
(baseline  drift),  selective  independent  triggering  sensitivity 
of  beginning  and  end  of  each  sensed  peak,  determination  of 
peak  maximum  elution  time  (retention  time),  and  area  assign¬ 
ment  to  incompletely  resolved  components.  Complete  specifica¬ 
tions  of  the  instrument  can  be  found  in  [67] .  Goland  and 
Peterson  [68]  have  reviewed  the  performance  characteristics 
of  the  3370A  integrator  and  conclude  that,  even  with  consid¬ 
erable  overlap  of  peaks,  error  in  area  determination  and 
allocation  averages  less  than  1%.  In  well  resolved  cases, 


relative  precision  was  found  to  be  better  than  .5%. 

Detector  outputs  are  continuously  monitored  on  a 
Texas  Instrument  dual  channel  variable  range,  variable  zero 
recorder  and  are  also  fed  to  the  3370A  integrator  system. 
Output  of  the  3370A  integrator  (retention  time,  peak  area) 
are  printed  on  paper  tape,  and  manually  transferred  to  com¬ 
puter  cards.  Computer  reduction  of  this  "raw"  data  is 
accomplished  by  the  program  described  in  Appendix  B. 
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CHAPTER  4  EXPERIMENTAL  MEASUREMENTS 


The  developed  instrumentation  and  chemical  measure¬ 
ment  techniques  described  in  the  preceding  two  chapters  have 
been  applied  to  two  (interrelated)  high  temperature  reaction 
studies:  the  reaction  of  methane  with  oxygen  and  the  reaction 
of  carbon  monoxide  (in  the  presence  of  hydrogeneous  compounds) 
with  oxygen.  In  addition  to  supplying  a  logical  starting 
point  and  basis  for  future  (proposed) experimental  efforts 
on  the  higher  paraffin  oxidation  reactions,  these  two  studies 
provide  sufficient  opportunity  to  evaluate  the  developed  ex¬ 
perimental  techniques. 

Both  oxidation  mechanisms  have  been  studied  exten¬ 
sively  by  kineticists  over  a  wide  range  of  experimental  con¬ 
ditions  using  diverse  experimental  techniques;  thus,  some 
comparative  results  are  available.  However,  additional 
measurements  from  these  turbulent  flow  reactor  experiments 
are  capable  of  much  more  than  re-development  or  substantiation 
of  previous  results.  More  complete  chemical  description  of 
the  reactions  in  a  simple  fluid  mechanical  environment  (one 
dimensional,  no  diffusion,  adiabatic)  must  be  considered  as 
new  and  significant  results.  The  direct  kinetic  interpreta¬ 
tions  of  such  results  will  be  most  useful  in  computer  model¬ 
ing  of  complete  kinetic  mechanisms,  and  it  is  unfortunate  that 
such  analytical  studies  were  not  plausible  in  the  time  avail¬ 
able  for  this  research.  However,  it  will  be  seen  that  the 
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overall  kinetic  interpretations  of  the  turbulent  flow  reactor 
results  (and  other  more  particular  interpretations  of  the  data) 
offer  qualitative  and  quantitative  support  to  important  and 
sometimes  different  conclusions  concerning  the  oxidation  mechanisms, 
their  interrelated  character,  and  previously  published  results. 

The  new  overall  rate  results  will  also  be  shown  to  be  of  im¬ 
portance  to  engineering  design  considerations. 

Although  it  was  not  an  original  motivating  factor 
in  the  decision  to  study  these  two  particular  reactions,  one 
further  benefit  of  the  results  should  be  emphasized.  While 
it  has  been  shown  that  the  thermal  analysis  method  will  not 
be  applicable  to  complex  kinetic  reactions  in  which  signifi¬ 
cant  build  up  of  intermediaries  (stable  or  unstable)  appear, 
the  facility  with  which  simpler  reactions  can  be  studied 
urges  one  to  reconsider  its  use  in  such  circumstances. 

The  carbon  monoxide  (water) /oxygen  kinetics  satisfy 
the  necessary  assumptions  for  use  of  the  thermal  technique; 
and, thus,  independent  chemical  and  thermal  analysis  studies 
of  this  reaction  offer  a  unique  opportunity  to  establish 
their  relative  precision  in  the  same  experimental  environment. 
Further,  independent  studies  of  the  methane/oxygen  reaction 
will  give  some  quantitative  picture  to  the  departures  expected 
when  the  assumptions  necessary  to  the  thermal  analysis  method 
are  not  well  modeled. 
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401  Experimental  Methods 

Thermal  analysis  and  chemical  measurements  were  per¬ 
formed  on  both  the  CH4/C>2  and  C0(H20)/02  reactions.  Chemical 
measurements  and  their  results  were  emphasized  and  thermal 
measurements  were  conducted  primarily  for  the  previously 
described  comparisons.  The  end  result  of  either  of  these 
experimental  methods  is  simultaneous  definition  of  reactant  and 
product  (and  in  the  chemical  method,  intermediary)  mean  con¬ 
centrations,  mean  rates  of  change  of  concentrations  (with 
time),  and  mean  temperature  at  specific  axial  locations  in 
the  turbulent  reaction  zone.  On  an  overall  basis  of  study, 
each  point  ’measurement  is  considered  completely  independent 
of  all  others,  while  the  mechanistic  approach  must  consider 
an  inherent  relationship  among  all  of  the  measurements  in 
the  same  reaction  zone. 

4,1.1  Preliminary  Measurements 

Each  "run"  of  the  turbulent  flow  reactor  is  char¬ 
acterized  by  a  complete  traverse  of  the  instrument  probe (s) 
through  the  reaction  zone  and  measurements  of  the  carrier 
flow  rate,  reactant  flow  rates  and  the  reaction  zone  tempera¬ 
ture  profile.  For  thermal  runs,  continuous  traverse  of  a 
temperature  probe  is  adequate.  For  chemical  analysis  runs, 
the  chemical  sampling  and  temperature  probes  are  incremental¬ 
ly  repositioned  through  the  zone,  the  location  of  each  sampling 
position  being  recorded.  All  tests  are  accompanied  by  con¬ 
tinuous  monitoring  and  control  of  the  reactor  inlet  temperature. 


108 


4,1.2  Thermal  Analysis  Studies 


The  above  preliminary  measurements  provide  the 
initial  reactant  concentrations,  the  mean  (one  dimensional) 
velocity  at  any  axial  location,  and  the  mean  temperature  and 
mean  temperature  gradient  (with  distance)  at  each  axial 
location  in  the  flow  reactor.  Appendix  A  adequately  describes 
how  these  quantities  can  be  used  to  calculate  the  concentra¬ 
tions  and  rate  of  change  of  concentration  (with  time)  of 
products  and  reactants  at  each  point  in  the  flow  reactor. 


4.1.3  Chemical  Analysis  Studies 


Since  the  (stable)  chemical  species  in  the 
C0(H20)/C>2  reaction  also  occur  in  the  oxidation  of  CH^,  the 
same  method  of  analyzing  the  chemical  samples  taken  from  the 
flow  reactor  in  the  latter  study  can  be  employed  in  the  former 
one. 


The  cryogenic  temperature  programming  technique 
described  in  Section  3.5JLwas  used  together  with  simultaneous 
detection  by  TCD  and  FID  systems.  Effluent  from  the  column 
was  split  in  a  volume  flow  ratio  of  2  to  1,  FID/TCD.  Operat  .ng 
parameters  for  the  GC  instrument,  GC  Integrator,  and  sample 
transfer  system  are  summarized  in  Table  4.1.  Retention  data, 
lower  delectible  limit,  and  approximate  responses  ( ju.  volt- 
sec/100  ppm  specie)  for  pertinent  species  are  enumerated  in 


Table  4.2. 


GAS  CHROMATOGRAPH 
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Pertinent  Chemical  Analysis  Data 


Chemical 

+ 

Retention  Detector  Lower  Detectible 

Approximate 

Specie 

Time  (T2%) 

Used 

Limit 

Response 

(Min) 

(ppm) 

(pvolt-sec/100 

H2 

1.50 

TCD 

300 

5 

N2 

5.05 

TCD 

- 

175 

°2 

5.80 

TCD 

- 

180 

A 

r 

6.50 

TCD 

- 

100 

CO 

7.60 

TCD 

80 

145 

CH4 

11.60 

FID 

1 

1015 

C02 

14.10 

TCD 

40 

190 

C2H4 

16.20 

FID 

•  V. 

1940 

C2H2 

16.90 

FID 

1 

910 

C2H6 

17.50 

FID 

.1 

2080 

C3H6 

19.60 

FID 

.05 

3050 

C3H8 

21.40 

FID 

.05 

3150 

CELO^ 

2.20 

TCD 

- 

130 

H20* 

2.50 

TCD 

- 

110 

CH3OHt 

4.00 

FID 

- 

820 

*For  Gas 

Chromatograph 

Conditions 

of  Table  4.1 

4*  t 

vAnalyzed  using  second 

temperature 

program 

+If  not 

listed,  it  was 

not  estimated 

Table  4.2 
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Several  important  points  relative  to  chemical 
analysis  measurements  should  be  mentioned. 

(i)  The  high  polarity  of  several  compounds,  notably 
water  and  methanol,  produces  significant  broadening  of  the 
eluted  peaks,  and,  therefore,  inferior  lower  limits  of  detection 
and  response,  even  with  temperature  programming.  Due  to  this 
fact  and  adsorption  of  water  on  the  sample  bottle  and  transfer 
system  walls,  measurements  of  water  were  not  very  reproducible. 
It  will  be  seen  later  that  this  problem  could  he  successfully 
circumvented  by  initial  water  flow  measurements  m  the  reactor 
and  calculation  of  the  water  concentration  from  atom  conserva¬ 
tion  principles  among  the  other  stable  species  detected. 

(ii)  Although  and  C^Ig  elution  times  occur  during 

the  broadened  elution  band  of  water,  selective  quantitative 
detection  of  these  species  is  possible  on  the  FID. 

(iii)  One  might  erroneously  conclude  that,  since  detector 
responses  (both  FID  &  TCD)  have  wide  linear  dynamic  ranges, 
single  point  calibration  techniques  are  sufficiently  accurate 
to  determine  absolute  concentrations.  This,  however,  is  true 
only  when  species  can  be  sufficiently  resolved  that  peak 
overlapping  and/or  tailing  does  not  interfere  with  integrator 
detection.  Such  interference  was  investigated  for  all  possible 
species  by  dilution  of  an  initial  mixture  with  air  or  helium 
and  noting  changes  in  the  relative  measured  responses  of  the 
detector/integrator  system.  Notable  departure  from  linear 
response  occurs  for  carbon-monoxide  because  of  overlapping 


112 


with  the  tail  of  the  oxygen  or  argon  peaks.  The  resulting 
non-linear  response  was  repeatable  for  oxygen  concentrations 
between  .5%  and  20%  and  all  expected  carbon  monoxide  concentra¬ 
tions  and  was  accounted  for  in  determination  of  the  absolute 
carbon  monoxide  level  in  each  sample  analyzed.  The  non¬ 
linearity  is  accurately  represented  by  the  curve  depicted 
in  Figure  4.1,  and  it  was  independent  of  the  'PCD  filament 
current  level. 

(iv)  As  noted  in  Section  3.3.1,  each  specie  which  wight  be 
present  in  the  sample  to  be  analyzed  should  be  checked  for 
adsorption  or  chemical  reaction  effects  which  could  result 
in  sample  degradation  during  storage  and  analysis.  Experi¬ 
mentally,  all  species  present  in  the  methane/oxygen  reaction 
system,  excluding  CH20  and  H20  (previously  discussed),  showed 
no  sample  degradation  properties  during  storage  and  analysis 
periods  exceeding  72  hours.  Investigations  of  a  mixture  of 
H20,  CH20  and  CH^OH  exhibited  a  slow  degradation  of  the 
relative  response  of  CH20  with  time.  Slow  polymerization  of 
CH^  •>  tri-oxymethelyne  or  paraformaldehyde  can  occur  at 
room  temperature  when  water  is  present  (69].  Wall  (70]  claims 
that  100%  depolymerization  an'  re-formation  of  CH^O  can  be 
obtained  by  heating  the  polymers,  o  temperatures  in  excess  of 
150°C.  However,  Sperling  and  Toby  (71]  have  shown  that  slow 
pyrolysis  of  CH20  can  occur  at  these  temperatures.  There  is 
also  some  evidence  that  CH20  can  be  photochemically  decomposed 
and/or  oxidized  at  room  temperature. 


1.14  - 


All  of  these  facts  were  taken  into  account  in 
trying  to  discover  a  reasonable  way  to  store  gaseous  C^O 
without  degradation,  but  at  present  no  technique  offers 
more  than  80-90%  recovery  of  the  original  concentration. 
However,  it  was  definitely  established  that  all  decay  pro¬ 
cesses  were  very  slow,  too  slow  in  fact  to  occur  during  the 
actual  sampling  process.  Attempts  were  made  to  perform 
rapid  analysis  for  formaldehyde  in  the  methane/air  reaction 
before  significant  degradation  could  occur.  Detected  con¬ 
centration  levels  were  of  the  same  order  as  the  lower 
detection  limit,  and  reproducible  profile  measurements  of 
CH20  were  not  plausible.  This  level  of  was  also  con¬ 

firmed  by  auxiliary  analysis  techniques  (see  Page  182)  and 
observed  total  carbon  balance  of  other  detected  species. 

(v)  Because  all  experiments  necessarily  had  to  be 
conducted  with  amounts  of  oxygen  largely  in  excess  of  the 
stoichiometric  level  (see  Page  173),  it  was  plausible  and 
simpler  to  calculate  the  oxygen  present  in  each  sample  from 
initial  flow  measurements  in  the  flow  reactor  and  atom 
conservation  among  the  stable  species  present. 

i. 1.3.1  Calibration  of  Chemical  Analysis  System 
Calibration  of  the  complete  G.C.  analysis  system 
(except  for  CH^O,  CH^Ofi,  H^O)  was  performed  by  one  point 
response  measurements  to  primary  standard  certified  calibra¬ 
tion  mixtures  obtained  from  the  Matheson  Co.  (Table  4.3). 
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Calibration  Standard  Mixtures 


t 


Mixture  One 


Specie 

METHANE 

CARBON  MONOXIDE 

CARBON  DIOXIDE 

ETHYLENE 

ETHANE 

PROPANE 

NITROGEN 


Mole  Percentage 

1.01  -  .02 

1.98  -  .02 

1.99  -  .02 
0.99  -  .02 
0.99  -  .02 
1.00  -  .01 
Balance 


Mixture  Two 


ETHYLENE 

ETHANE 

ACETYLENE 

NITROGEN 


2.01  -  .02 
2.00  -  .02 
2.00  -  .02 
Balance 


Mixture  Three 


PROPYLENE 

PROPANE 

NITROGEN 


2.01  -  .02 
2.02  -  .02 
Balance 


+ 

Mixtures  made  by  weight  measurements,  Matheson  Gas  Products, 


Table  4.3 
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Proportional  relations  (with  a  correctional  function  for 
CO)  were  used  to  calculate  concentrations  of  the  detected 
species . 

The  certified  calibration  mixtures  were  produced 
by  actually  weighing  the  specific  components  in  each  mixture. 
Accuracy  of  the  mixtures  was  independently  verified  by 
Gollab  Analytical  Services. 

Several  calibrations  were  performed  before,  during, 
and  after  the  complete  analysis  of  a  flow  reactor  run  to 
account  for  detector  response  drift  or  changes  in  sample 
transfer  pressure  or  temperature  settings.  Calibration 
responses  never  varied  by  more  than  2%  during  any  72  hour 
period.  Repeatability  of  the  sample  analysis  system  response 
over  such  a  time  period  is  illustrated  by  the  calibration 
responses  shown  in  Table  4.4. 

4.1. 3.2  Data  Reduction 

Calculations  of  concentration  and  concentration 
gradients  with  distance  were  aided  by  computer  techniques. 
Calculation  of  gradients  from  integral  functions  is  a  de¬ 
generate  process,  a  fact  which  is  especially  true  for  gradients 
to  be  calculated  from  incremental  data.  A  computer  program 
which  calculates  concentrations,  concentration  gradients 
(with  time),  temperature,  and  velocity  at  each  sampled  posi¬ 
tion  in  the  flow  reactor  has  been  developed  and  the  emploved 
methodology,  together  with  explanatory  nules  and  examples  of 
output  are  presented  in  Appendix  B. 
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4.2  Reactant  Gases  and  Carrier 

The  reactants  and  carrier  gases  used  in  these 
turbulent  flow  reactor  studies  and  facts  concerning  their 
chemical  purities  are  presented  in  Table  4.5.  All  gases 
(excluding  the  G.C.  carrier  gas)  were  used  as  received  from 
the  manufacturer,  without  further  purification.  The  chosen 
G.C.  carrier  gas  (helium)  was  purified  by  a  quartz  diffusion 
cell  technique  [72]  to  levels  greater  than  99. 99995%  minimum. 
(All  contaminants  are  hydrogen  and  neon.)  This  ultra  purity 
proved  to  be  necessary  for  removal  of  ghost  peaks  resulting 
from  the  cryogenic  PTGC  techniques  in  the  chemical  analysis 
procedure . 

The  purity  of  reactant  and  flow  reactor  carrier 
gases  are  considered  sufficiently  high  for  contaminants 
(except  possibly  water  or  hydrogen  formed  water)  to  be  in¬ 
effective  in  changing  kinetic  observations.  Since  water  is 
one  of  the  primary  reaction  products  in  the  methane/oxygen 
reaction,  contaminant  levels  of  H20  are  negligible.  Addi¬ 
tions  of  water  by  direct  atomization  in  the  carrier  inlet 
section  during  all  carbon  monoxide/oxygen  reaction  studies 
produced  water  levels  sufficiently  high  for  contaminant 
levels  to  be  neglected. 

4.3  Overall  Correlation  Methods 

The  concept  of  overall  (global)  reaction  kinetics 


and  its  use  is  a  direct  result  of  the  complexity  of  most 
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REACTANTS  AND  CARRIER  GASES 


Gas 

SPECIFICATIONS 

Supplier 

Composition 
(v’ci  %) 

Carriers 

Air 

In  House  Compressor 

N2  78 

02  -  20.8 

Ar  -  .93 

C02  -  660  ppm 

Nitrogen 

Air  Reduction  Inc. 
(Liquid ) 

N  >  99.8 

°2  “  -02 

Reactants 

Me thane 

Ma the son 

(Ultra  Pure  Grade) 

CH4  >  99.97% 

co2  <  .001 
o2  <  .001 

N2  .003 

C2H6  .0046 

C3Hg  <  .0005 

Carbon  Monoxide 

Matheson 
(Cp  Grade) 

CO  >  99.5% 

°2  <  *°4 

C02  <  .07 

Ar  <  . 005 

CH4  <  .004 

HC  <  .003 

FE (CO) s  None 

h2o  <  .01 

Oxygen 

Air  Products 
(Extra  Dry) 

02  >  99.5 

Ar  <  .45 
N2<  .05 

*Analysis  supplied  by  supplier;  others  are  typical 
compositions . 


Table  4.5 
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chemical  reactions  and  the  complicated  fluid  mechanical 
situations  in  which  some  knowledge  of  heat  release  or 
chemical  rates  is  necessary  (ram  jets,  rocket  engines,  gas 
turbines,  etc.).  The  assumption  invoked  is  that  the  course 
of  chemical  kinetic  events  may  be  described  in  terms  of  a 
few  of  the  main  reactants  and  products  (C^)  in  a  functional 
relation  with  much  the  same  form  as  an  elementary  reaction 
process.  Typically,  the  equation  is  of  the  form: 

nn 

dCCj.=  k^TTllCtf1  4a 

ci"t  £= ) 

kQv  ,  the  overall  specific  rate  constant,  is  expressed 

in  the  Arrhenius  form  . _ 

-E/RT 

Rov-  <°Ae 

The  n^ ' s  are  defined  as  the  orders  of  reaction  with  respect 
to  C^(  and  m  is  termed  the  overall  reaction  order.  10  and 
E  are  termed  the  overall  frequency  factor  and  activation 
energy  respectively. 

The  relation  implies  nothing  about  the  actual 
kinetic  mechanism  (in  terms  of  elementary  reactions),  although 
the  parameters  in  the  strictly  empirical  relation  sometimes 
are  governed  by  a  single  elementary  step  (or  a  number  of  steps) 
which  basically  control  the  rate  of  the  chemical  process. 

Under  "what  circumstances  such  an  overall  correlation  is  usable 
is  largely  dependent  on  both  the  kinetic  mechanism  to  which 
it  is  applied  and  the  physical  environment  in  which  the 
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process  is  occurring.  As  mentioned  earlier  Levy  and  Weinberg 
[6]  have  shown  that  the  approximation  is  not  generally 
applicable  in  flames  ;  however,  this  fact  may  not  arise  from  the 
chemistry  itself,  but  from  the  physical  structure  and  diffu¬ 
sive  character  of  the  flame.  Where  a  particular  rate¬ 
determining  step  or  sequence  in  the  true  chemical  reaction 
mechanism  occurs  and  the  physical  circumstances  of  the  appli¬ 
cation  are  similar  to  those  in  which  the  expression  was 
derived,  the  overall  approximation  is  a  valid  and  vastly 
simplifying  idea.  However,  extension  of  such  a  correlation 
to  experimental  conditions  outside  the  range  studied  should 

4 

always  be  done  with  some  reservation. 

Eberstein  [15  ]  and  Sawyer  [16]  have  described  and 
used  several  methods  to  express  the  turbulent  flow  reactor 
data  in  the  overall  approach  of  equation  4.1.  The  values  of 
the  constants  n^.  A,  and  E  are  unknown  and  are  generally 
determined  by  considering  them  as  unknown  dependent  variables 
of  the  equation. 

The  most  direct  approach  to  evaluate  n^,  A,  and  E 
is  as  follows: 

(i)  Holding  T  and  all  C^'s  constant  except  for  Co^  , 

dC 

note  the  dependence  of  on  co<  •  (The 

slope  of  a  plot  of  In  d  [c^]  versus  In  [c^]  will 

give  n^.)*  Repetitive  application  of  this  technique 

will  determine  all  of  the  n^'s. 

*Linearity  of  the  slope  will  to  some  extent  verify  the  validity 
of  the  chosen  functional  dependence  (Equation  4.1). 
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(ii)  having  determined  all  of  the  n^'s,  evaluate 

A  and  E  from  the  resulting  plot  of  In  (k  ) 

-1 

versus  T 

K  =  dCCll  - 

ov  dt  XLcnmt 

i  - 1 

Unfortunately  it  is  usually  difficult  or  impossible 
to  hold  all  parameters  except  one  concentration  ( C ^  )  in¬ 
variant.  An  indirect  method  of  achieving  this  is  to  conduct 
experiments  with  those  parameters  in  large  excess.  Then 

At c,1  .  K,  ;  k,=  k,ct; 

dt 

is  approximately  true  again,  and  n^  may  be  determined  as 
before.  As  evidenced  by  the  study  of  the  methane  oxidation, 
this  method  is  also  not  always  plausible.  There,  although 
the  fuel  order  can  be  determined  by  running  with  excess 
oxygen,  the  reaction  could  not  be  studied  with  fuel  in  large 
excess.  If  only  two  concentration  dependencies  are  assumed 
(fuel  and  oxidizer) ,  the  oxidizer  order  might  be  determined 
by  conducting  experiments  at  constant  temperature  and  account¬ 
ing  for  the  determined  fuel  order.  However,  in  practice,  it 
will  be  shown  that  in  the  methane  oxidation  this  solution  is 
also  implausible. 

In  such  a  situation  Sawyer  concludes  that  one  must 
rely  on  statistical  techniques  to  determine  the  missing  orders 
and  A  and  E.  Eberstein  [15]  and  Sawyer  [16]  have  suggested 
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that  the  standard  deviations  or  the  percent  standard  devia¬ 
tion  (respectively)  will  achieve  their  minimum  values  when 
the  correct  orders  have  been  found.  There  appears  to  be 
little  or  no  theoretical  basis  for  these  arguments  since 
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as  already  determined.  Then, 

fl  3  ,oA'  e'tAr 

c£-fc 

ioA*  -  ioA  [pi1. 


[rr 

^  t)  ci/JL 


The  intercept  of  a  plot  of  (mj  i  will  be 

variable;  however,  if  the  assumed  functionality  is  correct, 

E  should  bo  independent  of  the  choice  of  b.  Having  de¬ 
termined  a  and  E,  a  third  set  of  experiments  in  which 
F,  0,  and  T  are  varied  over  the  widest  range  possible  are 
conducted.  The  correct  choice  of  b  will  be  that  which 
results  in  the  above  value  of  E  when  this  last  data  set 
is  plotted  on  a  ln(kQv)  vs  ^  scale.  All  data  sets  can  then 
be  combined  with  the  determined  values  of  a  and  b  to  ob¬ 
tain  the  correct  value  of  A  and  a  better  value  of  E. 

Further  clarification  of  the  principles  of  the 
approach  will  be  demonstrated  in  the  next  chapter f 
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CHAPTER  5  -  THE  REACTION  OF  CARBON  MONOXIDE  AND 
OXYGEN  IN  THE  PRESENCE  OF  WATER 

As  mentioned  earlier,  the  "wet"  carbon  monoxide 
oxidation  has  been  studied  extensively  by  many  investigators 
over  a  wide  range  of  experimental  conditions.  The  noted  sensi¬ 
tivity  of  the  reaction  to  the  presence  of  water  has'  long  been 
recognized.  According  to  Freidman  and  Cypher  [73],  the  accel¬ 
erating  effect  of  water  on  the  rate  of  disappearance  of  CO 
was  first  studied  by  H.  B.  Dixon  as  early  as  1880. 

Work  previous  to  1951  (summarized  by  Lewis  and 
Von  Elbe  [74]  )  dealt  mainly  with  the  so  called  "dry"  C0~02  re¬ 
action  and  its  transition  from  a  slow  reaction  to  one  of  ex¬ 
plosive  character.  It  was  established  that  the  CO-0,,  reac¬ 
tion  system  exhibited  first  and  second  order  limits  of  explo¬ 
sion  similar  to  the  hydrogen  oxygen  reaction,  but  at  much  high¬ 
er  temperatures  and  pressures.  Further,  it  was  proposed  that 
the  second  pressure  limit  was  controlled  by  a  second-order  chain 
branching  reaction  and  a  third-order  termination  process. 

Though  the  accelerating  effect  of  water  was  noted,  the  supposed 
independence  of  the  second  explosion  limit  from  water  led  inves¬ 
tigators  to  propose  that  the  terminating  and  branching  reactions 
involved  only  species  containing  C  and  0.  Later  work  of 
Gordon,  et.  al.  [75,76]  and  Hoare  and  Walsh  [77]  indicated 
dependence  of  the  second  pressure  limit  on  both  water  and  sur¬ 
face  and  the  more  recent  work  of  Dickens,  Dove,  and  Linnett  [78] 
showed  the  limit  to  be  even  more  sensitized  than  previously 
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thought.  Though  these  works  continued  to  propose  limiting 
kinetics  involving  only  species  containing  C  and  0,  Brokaw 
[79]  has  recently  shown  that  in  shock  tube  experiments  last¬ 
ing  only  a  few  tenths  of  a  millisecond,  as  little  as  20  ppm  of 
water  would  severely  alter  the  observed  kinetics.  Thus,  he 
concluded  it  not  unreasonable  that  levels  of  1  ppb  or  less  of 
water  could  completely  dominate  the  slower,  low  temperature 
kinetic  observations  of  other  workers.  Furthermore,  Brokaw 
proceeded  to  develop  a  second  limit  mechanism  involving  hydro- 
geneous  species  and  concluded  that  the  question  of  whether 
the  observed  second  limit  was  due  to  traces  of  hydrogeneous 
materials  remained  plausible.  In  any  case,  it  is  this  fast 
(explosive)  reaction  of  carbon  monoxide  and  oxygen  in  the 
presence  of  water  or  other  hydrogeneous  compounds  that  is  of 
interest  in  the  combustion  of  hydrocarbons  and,  therefore,  is  of 
concern  in  the  present  work. 

5.1  Turbulent  Flow  Reactor  Results 

Turbulent  flow  reactor  reaction  rate  measurements 
were  obtained  in  a  10  cm  diameter  reactor  tube  with  nitrogen 
or  air  as  the  carrier  gas.  Water  vapor  was  added  to  the  flow 
at  a  known  rate  by  direct  atomization  into  the  carrier  stream 
in  the  reactor  inlet  section.  Thus,  water  concentrations  could 
be  determined  from  this  and  other  preliminary  measurements 
(Section  4d.l)  .  Five  chemical  analysis  runs  and  approximate¬ 
ly  25  thermal  analysis  runs  were  conducted.  The  range  of  experi¬ 
mental  parameters  covered  in  each  study  are  presented  in 
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Table  5.1.  An  attempt  was  made  to  cover  a  range  of  para¬ 
meters  similar  to  those  occurring  in  the  methane  oxidation 
studies  of  Chapter  6. 

5.1.1  Chemical  Analysis  Results 

Typical  chemical  rate  profile  data  for  a  chemically 

analyzed  turbulent  flow  reactor  run  are  presented  in  Figure 
*  . 

5.1.  The  impressive  degree  to  which  the  total  carbon  con¬ 
tained  in  the  reaction  is  accounted  for  at  each  sampled  posi¬ 
tion  should  be  noted.  In  this  experimental  run,  oxygen  was 
in  large  excess  (20%);  and,  thus,  its  concentration  could  be 
considered  constant.  Calculation  of  the  oxygen  concentration 
profile  for  experimental  runs  with  low  initial  oxygen  levels 
was  much  simpler  and  as  accurate  as  its  actual  analytical 
measurement.  Thus,  oxygen  consumed  was  approximated  from 


CO  +  1/2  02  — ^  C09  ie 

5.1 

°2  =  Xco 

Consumed  2  Formed 


As  in  previous  studies,  recognizing  the  sensitivity 
of  the  C0/02  reaction  to  H20,  an  overall  correlation  of  the 
rate  data  in  the  form 


d  f CO  1  =  k  [CO] a  [H  O) b  [0JC 

dt  ov  z  z 


,  m aA  -E/RT 

k  =  10  e  ' 

ov 


5.2 


was  attempted. 

Tabulated  results  for  the  concentration  profile,  concentration 
gradient  profile,  and  temperature  at  each  sampled  position  of 
Figure  5.1  are  presented  as  one  of  the  examples  in  Appendix  B. 
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RANGE  OF  EXPERIMENTAL  PARAMETERS 
FOR  STUDIES  OF  THE  C0(H?0)/02  REACTION 


Thermal 

,  Chemical 

Analysis 

Analysis 

y° 

x  CO  } 

.006  .025 

.004  -  .016 

x° 

x  CO 

« 

.10  .20 

.006  .20 

0  (Equivalence  Ratio) 

• 

o 

4*. 

1 

• 

.04  -  .5 

xh20 

.001  -  .015 

.0013  -  .025 

Duct  Diameter 

10  cm 

10  cm 

Pressure 

1  atm 

1  atm 

Temperature 

1050  -  1220K 

1030  -  1160 

Table  5.1 


Jp  J3  £_  4-Z<M-  7/ 
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FIGURE  5.1 
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Determination  of  the  experimental  reaction  orders, 
a,  b,  c,  offers  a  clear  demonstration  of  the  methods  proposed 
in  the  closing  paragraphs  of  Section  4.4. 

The  reaction  order  with  respect  to  CO  was  determined 
in  a  highly  diluted  CO/ air  reaction  with  a  small  amount  of 
water  added  (.1%).  As  a  result  of  the  low  heat  release  per 
mole  of  CO  consumed, 


CO  +  1/2  0, 


.....  „  -  kcal 

00-  -  5  9  — : — 
2  mole 


the  temperature  through  the  diluted  reaction  zone  was  essen- 

dX,^ 

CO 

tially  constant.  A  log-log  plot  of  vs.  XCQ  is  pre¬ 

sented  in  Figure  5.2,  and  the  demonstrated  linear  slope  defines 
the  fuel  reaction  order,  a,  as  1.0. 

Consider,  now,  a  second  flow  reactor  run  with  CO/air 
and  a  constant  water  concentration.  By  adding  larger  amounts 
of  CO  (1.6%),  the  temperature  through  the  reaction  zone  is  no 
longer  constant.  If  arbitrary  values  are  assigned  to  the  un¬ 
determined  reaction  orders,  k  =  k  (b,c)  can  be  determined 

ov  ov 

from 

k  _  dJCOj.  0/  ~E/RT__1_ 

kov  -  dt  A  [CO]i*o  5>4 

^  =  10A/£H2Ojk  [o2)c  ;  b,  c  Arbitrary 

On  a  semi-log  scale  of  log  kov(tvc)vs.  T-^  ,  the  data  should 

exhibit  a  straight  line  if  d [C01  and  T  are  truly  related  in 

dt 

an  exponential  fashion.  A  linear  least  square  fit  of 


df  tj  <. 


CARBON  MONOXIDE 
OVERALL  REACTION  RATE  STUDY 
CARBON  MONOXIDE  ORDER  DETERMINATION 


132 


such  data  will  yield  values  of  J\  and  E.  The  value  of 
will  be  dependent  on  the  choices  for  b  and  c.  However,  in 
view  of  the  fact  that  Ch^oJ  an^  are  e^^ect^-ve^y  constants 

in  this  experiment,  E  should  remain  invariant.  Exemplary 
data  from  the  above  described  experiment  is  shown  in  Figure 
5.3.  The  linear  leas':  square  value  of  E  was  found  to  be 
40.0  -  2.0  kcal/mole.  Negligible  variation  of  E  occurred 
for  different  choices  of  b  and  c.  Thus,  E  has  been  de¬ 
termined  without  complete  knowledge  of  all  of  the  concentra¬ 
tion  dependences.  With  additional  experimental  data,  the 
above  values  of  E  and  a  can  be  used  to  calculate  b,  c, 
and  finally  A.  The  value  of  E  can  then  be  further  refined 
if  desired. 

Proceeding  to  the  determination  of  b,  consider  a 
set  of  data  consisting  of  rate  measurements  of  the  C0(H„0)/0c, 
reaction  in  air.  Further,  require  that  the  temperature 
range  studied  be  as  large  as  possible.  Near  one  extremity 
of  the  temperature  range,  experiments  are  conducted  with  low 
water  concentrations;  at  the  other  end,  experiments  with  high  con¬ 
centrations  of  water  are  made.  Fundamentally,  this  is  the 
natural  chain  of  events  necessary  to  study  the  largest  tempera¬ 
ture  range  possible  (as  long  as  b  ^  0).  If  Equation  5.4  is 
again  applied  to  the  data  (b  and  c  arbitrary)  and  the  result¬ 
ing  values  of  log  kQV  are  forced  to  be  represented  by  a  linear 
least  square  relation  in  T  \  it  will  be  observed  that  while 
E  remains  independent  of  c,  the  determined  E  will  be  a 


LOG  in  k0v~(rnole  crn"3)~Cb  +  c)  sec' 


.86  .88  .SO  .92  .94  .96  .98 


iSp-IK-')  FIGURE  5.3 

DETERMINATION  OF  E  FOR  THE  REACTION  OF  C0(H20)/02 


134 


function  of  the  choice  of  b.  Following  this  procedure,  the 
E  dependence  on  b  described  in  Figure  5.4  was  found  for  the 
C0(H20)/air  reactions.  Note  that  for  b  =  0.5,  the  determined 
value  of  E  is  the  same  as  that  found  in  the  previous  analysis 
Thus,  if  both  sets  of  experiments  are  to  be  satisfied  by 
Equation  5.2,  a  =  1.0,  b  =  0.5,  E  =  40  — ^  »  and  c  and  A 
remain  to  be  determined. 

The  oxygen  reaction  order  was  found  in  a  similar 
way  from  experimental  flow  reactor  runs  in  which  T  and  CO,  H20, 
and  02  concentrations  varied.  Again  it  is  advantageous  to  con¬ 
duct  high  and  low  oxygen  concentration  experiments  at  opposed 
extremities  of  the  studied  temperature  range.  The  calculated 
dependence  of  E  on  c  resulting  from  a  forced  linear 
least  square  fit  of  log  kQv  (  from  Equation  5.4,  b  =  0.5)  vs. 

T  1  is  displayed  in  Figure  5.4.  A  unique  value  of  c  =  0.25 
produced  the  same  value  of  E  determined  above. 

All  the  above  data  sets  were  then  combined  and 
analyzed  by  Equation  5.4  with  the  above  determined  reaction 
orders  (a  =  1.0,  b  =  0.5,  c  =  0.25).  The  resulting  data  are 
displayed  in  Figure  5.5.  Linear  least  square  fit  of  the  com¬ 
plete  data  determined 


A  =  14.59 


d A  =  .25 


E  (refined  value)  =  39.95  kcal/mole  dE  =  1.25 


kcal 

mole 


Thus,  the  experimental  correlation  is  complete. 


-SIS21  =  1014.6t25  e40, 000-1, 250/RT  [CQ]  ^0.5  ,^,0.25 


5.5 
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DETERMINATION  OF  OXYGEN  AND  WATER 
REACTION  ORDERS  FOR  C0(H20)/02  REACTION 


FIGURE  5.4 


LOG|0  (RATE  CONSTANT)  ~  (mole  cm‘3r75(sec )'' 
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1000/ T  ~  (K)-' 

FIGURE  5.5  CHEMICAL  -  ANALYSIS  TECHNIQUE 
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It  is  seen  that  the  combination  of  experimental 
control  of  variables  in  the  turbulent  flow  reactor  experi¬ 
ments  with  some  simple  insight  into  the  overall  correlation 
relation  and  linear  least  square  techniques  determine 
the  reaction  orders,  a,  b,  c,  and  A  and  E.  This  is  accom¬ 
plished  in  a  much  simpler  fashion  than  more  complex  statis¬ 
tical  approaches,  and  the  procedure  evaluates  one  of  the  more 
important  parameters  (E)  immediately.  While  errors  estimated 
by  statistical  programs  give  no  way  of  suggesting  improvement 
in  the  experimental  approach,  this  method  points  directly  to 
which  parameters  are  determined  with  least  precision.  The 
slopes  of  the  generated  dependences  of  E  with  reaction  orders 
are  directly  related  to  the  studied  range  of  each  of  the  species 
represented  in  the  correlation  and  the  range  of  temperature 
investigated.  It  is  these  slopes,  along  with  the  standard 
deviation  of  the  value  of  E,  that  control  the  precision  to 
which  each  order  is  estimated.  Precision  of  order  determination 
should  degenerate  as  the  calculated  orders  approach  zero,  but, in 
fact,  the  determined  order  then  becomes  less  important. 

Finally,  it  should  be  noted  that  the  efficiency  of 
the  method  is  quite  good.  Only  five  reactor  runs  and  approxi¬ 
mately  58  points  of  data  were  necessary  to  complete  the  corre¬ 
lation.  Obviously,  the  precision  of  the  experiment  could  be 
improved  at  any  one  of  the  several  steps  in  the  process  by  adding 
more  data,  but  the  above  results  indicate  this  to  be  unnecessary. 
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5.1.2  Thermal  Analysis  Results 

As  discussed  earlier  in  the  thesis,  the  thermal 
analysis  approach  offers  significant  advantages  over  chemical 
analysis  when  the  kinetics  are  simple  enough  to  be  modeled 
well  by  the  thermal  approach.  The  C0(H2O)/C>2  reaction  should 
satisfy  the  necessary  assumptions  for  its  application,  and  com¬ 
parison  of  thermal  results  with  the  chemical  results  of  the 
previous  section  will  quantitatively  establish  the  validity 
of  the  thermal  approach.  Using  the  same  reaction  orders  de¬ 
termined  in  the  chemical  analysis  experiments,  measurements 

of  d  [CO]  ,  [co],  p_]  and  T  from  thermal  analysis  results  were 
dt  1 

correlated.  The  stoichiometric  relation  used  (Equation  A-  5  ) 
was 


CO  +  1/2  02 — v  C02  -  59  kcal/mole  CO  consumed,  5.6 

and  h20]  was  again  calculated  from  initial  flow  measurements  to 
the  reactor o  Results  are  presented  in  Figure  5.6.  Note  that 
the  thermal  and  chemical  predictions  of  ECO)  ,  L 02 ]  ,  and 
“ compare  very  well  and  that  the  correlations  li°  well 
within  their  standard  deviations.  The  thermal  analysis  measure¬ 
ments  were  conducted  over  a  slightly  higher  temperature  range  and, 
therefore,  verify  that  the  measurements  are  acceptable  over  the 
wider  temperature  range  1220K  to  1050K.  This  is  a  very  good 
confirmation  that  the  previously  described  adiabatic  design  of 
this  turbulent  flow  reactor  operates  effectively  and  that  the 
thermal  approach  is  indeed  a  valid  experimental  technique. 


LOGio  (RATE  CONSTANT) ~(moie  cm’3)"75(sec) 


THERMAL  ANALYSIS  TECHNIQUE 


FIGURE  5.6 
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5.2  Other  Measurements  of  Overall  Rate  Parameters 

A  summary  of  previously  available  complete  reaction 
rate  correlation  data  is  presented  in  Table  5.2.  The  data 
result  from  four  separate  experimental  areas: 

(i)  burning  rate  measurements  of  CO  (H20)/02  (N^) 
flames 

(ii)  chemical  sampling  of  CO (H20)/C>2  (N2)  flames  and 
the  afterburning  regions  of  hydrocarbon  (HC) 
flames 

(iii)  stirred  reaction  measurements  of  the  CO(H 20)/C>2 
reaction  and  the  hydrocarbon  reactions  of  pro¬ 
pane  and  methane 

(iv)  a  laminar  flow  reactor  study  of  C0(H20)/02 
reaction 

With  respect  to  all  of  the  data: 

(1)  There  is  unanimous  agreement  on  the  first  order 
dependence  of  the  oxidation  rate  of  carbon  monoxide  indepen¬ 
dent  of  the  method  of  study  or  the  chemical  reaction  in  which 
the  measurements  were  made. 

(2)  The  reaction  dependence  on  water  was  expressed 
through  concentration  terms  and  does  not  appear  to  influence 
the  temperature  dependence  of  the  reaction.  With  the  excep¬ 
tion  of  Fenimore  and  Jones  [81] ,  the  above  studies  as  well 
as  several  others  [86-90]  have  concluded  the  reaction  order 
with  respect  to  water  to  lie  between  .2  and  .6.  More  recent 
empirical  determinations,  exclusive  of  burning  rate  measurement 


SUMMARY  OF  OVERALL  RATE  PARAMETERS  FOR  MOIST  CARBON  MONOXIDE  OXIDATION 
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experiments,  have  more  reliably  defined  "b"  near  0.5,  and  are 
in  agreement  with  the  present  result. 

(3)  The  dependence  of  the  rate  on  oxygen  has  been  con¬ 
cluded  to  vary  with  oxygen  concentrations  by  several  investi¬ 
gators.  In  oxygen  deficient  systems  Sobolev  [80],  Fenimore 
and  Jones  [81]  and  Hottel,  et.  al.  [83]  suggest  a  dependence 
of  nearly  first  order.  However,  for  systems  in  which  avail¬ 
able  oxygen  concentration  is  above  3%,  these  same  references, 
as  well  as  Freidman  and  Nugent  [92],  conclude  the  oxygen 
order  to  be  very  near  zero  (c  =  0.0-0.25).  No  such  varia¬ 
tion  in  oxygen  reaction  order  was  noted  in  the  present  work. 
Lavrov  [85]  reports  that  his  determined  orders  are  constant 
and  result  from  experiments  with: 

X°Q  -  .01  -  .86 

X°  -  .09  -  .85 

°2 

X°  _  -  .00189  -  .102 

h2° 

T  -  10C3K  -  1593K 

To  date,  his  studies  would  appear  to  cover  the  widest  in¬ 
vestigated  range  of  experimental  parameters. 

(4)  Determined  overall  pre-exponential  constants  and 
activation  energies  are  in  wide  disagreement.  Levy  and 
Weinberg  [6]  have  shown  that  little  fundamental  chemical 
significance  should  be  attached  to  chemical  constants  deter¬ 
mined  using  flame  theory 0  Thus,  the  parameters  of  Sobolev  tso) 
and  Freidman  and  Cypher  [73]  resulting  from  flame  theory  cal¬ 
culations  after  Seldovich,  Frank- Kamenetsky  and  Semenoff  [91] 
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should  be  viewed  with  some  skepticism.  Furthermore,  several 
other  studies,  notably  those  of  Kozlov  [23]  and  Nemeth  and 
Sawyer  [82],  did  not  empirically  determine  the  reported  reac¬ 
tion  orders  but  accepted  the  values  of  these  previous  flame 
measurements. 

The  low  values  of  temperature  dependence  (16  kcal/ 
mole)  of  Hottel,  et.  al„  [83]  are  particularly  curious  in 
light  of  the  value  obtained  from  the  similar  technique  of 
Lavrov  [85]  (28.3  kcal/mole) .  Also,  Kydd  and  Foss  [93]  have 

concluded  the  temperature  dependence  of  the  CO-(H2)C>2  reaction 
in  a  stirred  reactor  to  be  38  kca.l/mole. 

Some  further  insight  can  be  gained  from  comparison 
of  the  rates  of  oxidation  of  CO  calculated  by  the  overall 
expressions  listed  in  Table  5.2.  For  the  comparison,  common 
concentrations  of  reactants  which  had  been  studied  in  each  of 
the  researches  were  employed  and  results  are  displayed  in 
Figure  5.7. 

To  be  noted  first  is  that  the  present  research  pre¬ 
dicts  CO  oxidation  rates  within  a  factor  of  five  of  Hottel, 
et.  al.  [03]  and  within  a  factor  of  2  of  Kozlov  [23]  and 
Lavrov  [85]  over  their  respective  temperature  ranges.  It 
should  be  emphasized  that  these  are  all  of  the  available  studies 
of  the  C0(H20)/02  reaction  not  employing  flame  theory  or  hydro¬ 
carbon  combustion. 

It  is  apparent  that,  though  pre-exponential  and 
temperature  dependence  constants  vary  considerably  among 
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these  studies,  the  combination  of  parameters  from  each  work 
produce  comparable  rate  results.  Thus,  the  incongruity  of  the 
parameters  of  Hottel,  et.  al  [83]  would  appear  to  be  due  purely 
to  his  limited  range  of  investigation.  A  similar  conclusion 
might  be  in  order  in  the  case  of  the  present  work  since  its 
determined  temperature  dependence  is  significantly  larger  than 
other  studies.  However,  estimation  of  temperature  dependence 
in  the  other  studies  could  not  be  nearly  as  accurate,  since  all 
employed  average  isothermal  concepts  and  did  not  make  precise 
temperature  measurements. 

Secondly,  it  is  apparent  that  there  is  some  difference 
in  the  oxidation  of  CO  in  hydrocarbon  combustion  and  in  the 
C0(H20)/02  reaction.  Fenimore  and  Jones  [83],  Nemeth  and 
Sawyer  [82]  Kottel  et  al.  [83]  ,  Williams  and  Hottel  [84]  , 
and  Friedman  and  Cyphers  [37]  observe  slower  rates  of  combustion 
of  CO  in  hydrocarbon  oxidation  than  would  be  predicted  from 
results  on  the  C0(H20)/02  reaction.  This  lower  rate  is  not 
reflected  in  different  reaction  orders  or  temperature  depen¬ 
dence,  but  largely  in  a  smaller  pre-exponent  in  the  overall 
rate  equation. 

5.3  General  Mechanism  and  Relation  to  Overall  Measurements 

The  slow  oxidation  of  carbon  monoxide  in  environ¬ 
ments  devoid  of  hydrogeneous  species  and  its  critical  sensi¬ 
tivity  to  their  presence  can  be  interpreted  on  a  more  elemen¬ 
tary  kinetic  level  as  meaning  that  the  principal  oxidation 
process  is  carried  out  by  radical  species  containing  hydrogen. 
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In  light  of  early  kinetic  measurements  of  Avromenko 
and  Lorentzo  [94]  (now  known  to  be  erroneous)  it  was  proposed 
that  the  principal  oxidation  route  was 

CO  +  OH  ;f=2e  CO 2  +  H  (1)  (see  footnote) 

Early  work  of  Friedman  and  Cyphers  [73]  substantiated  that 
the  rate  of  oxidation  of  CO  was  proportional  [OH]^.  More 
recently,  Singh  and  Sawyer  [95]  have  experimentally  verified 
a  proportionality  with  [OH]  through  absolute  measurements  in 
afterburning  regions  of  ethane  and  ethylene  flames. 

Consideration  of  the  possible  alternative  reactions 

CO  +  0  +  M  C02  +  M  (2) 

and 

CO  +  02  —*•  C02  +  0  (3) 


show  them  to  be  very  slow  relative  to  reaction  (1)  and  mechan¬ 
istically,  they  cannot  account  for  the  pronounced  effect  of 
addition  of  hydrogen  containing  species  to  reacting  mixtures 
of  CO  and  02» 

Lewis  and  Von  Elbe  [74]  have  proposed  one  other 
elementary  oxidation  route, 

CO  +  H02—  CO 2  +  OH  -  76  |SSi  (4, 


*Elementary  kinetic  reactions  will  be  consecutively  numbered 
throughout  the  thesis  in  order  of  their  introduction.  The  elemen¬ 
tary  specific  rate  constant  for  each  reaction  will  be  subscripted 
as  follows:  kif  or  kj_r  will  refer  to  the  "forward"  or  "reverse" 
specific  rate  constant  for  reaction  i.  Similar  notation  will  be 
used  in  denoting  the  apparent  activation  energy  (Eif  or  Eir)  and 
the  pre-exponential  factor  (Cj_f  or  C^r)  for  each  reaction.  A  com¬ 
plete  tabulation  of  all  elementary  reactions  and  the  associated 
kifis  will  be  found  in  Appendix  C.  Reverse  rate  constants  can 
be  determined  through  equilibrium  considerations.  The  direction  (s) 
of  arrows  in  the  equation  or  the  reaction  number  followed  by  "f" 
or  "r"  signifies  the  reaction  direction (s)  under  discussion. 
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The  importance  of  this  reaction  has  been  a  matter 
of  question  for  many  years,  yet  no  direct  measurements  of 

presently  exist.  Its  possible  contribution  to  the  con¬ 
version  of  CO  to  C02  has  been  argued  most  recently  by  Wilson 
[96]  in  connection  with  the  apparent  discrepancy  in  measured 
rates  for  reaction  (1)  in  flames  and  in  low  temperature  experi¬ 
ments  (see  next  section) .  Flame  studies  have  considered  the 
route  unimportant,  while  Baldwin  [97]  has  attributed  about 
half  of  the  formation  rate  of  C02  in  explosion  limit  studies 
to  reaction  (4)  .  Further,  Wilson  [96]  claims  that  values 
of  obtained  from  measurements  of  k^r  and  equilibrium  con¬ 
siderations  generally  fall  appreciably  lower  than  the  so- 
called  direct  measurements  of  the  forward  reaction. 

However,  other  experimental  and  theoretical  argu¬ 
ments  would  indicate  reaction  (4)  to  be  an  unlikely  principal 
route  of  oxidation  to  which  these  effects  can  be  attributed. 

Baldwin  [98]  has  estimated  at  about  24  kcal/mole  and  con- 

13  3  -1  —1 

eludes  a  maximum  value  for  C^f  of  5.8  x  10  cm  mole  sec 

Q 

At  1000K  this  would  suggest  an  upper  limit  for  k^f  of  5  x  10 
3  -1  -1 

cm  mole  sec  .  Baldwin  [  97  ]  has  also  reported  a  value  for 

^4f 

k5f  ' 


H02  +  H2  H2°2  +  H 


(5) 


at  773K  of 

k5f  [99i  ' 


9.5.  With  Baulsch  and  Drysdale’s  evaluation  of 

~  ,  „12  (  24000\ 

k5f  ~  9.6  x  10  exp  J 
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and  the  above  estimate  of  E^, 

73  -1-1 

k.  r-  10  cm  mole  sec 

4t 

T  #1000K 

11  3  -1  -1 

However,  k^  is  of  the  order  of  1-4  x  10  cm  mole  sec 
at  1000K  (see  next  section) .  Thus,  [H02]  would  need  to  be 
103  -  104  larger  than  lOH)  for  reaction  (4)  to  compete 
effectively  with  reaction  (1).  But  [HC>2]/[OH]  ~  10  2-lC3 
at  thermodynamic  equilibrium  and  atmospheric  pressure  (and 
T^IOOOK).  Such  a  large  inversion  of  this  ratio  in  lean 
oxidation  reactions  appears  to  be  unlikely.  Kaskan  [100]  has 

1  n 

shown  bH]  to  exceed  equilibrium  by  a  factor  of  10x  to  10  . 

Thus,  lHC>2]  would  need  to  exceed  its  equilibrium  concentra- 

6  10 

tion  by  factors  of  10  -  10  to  make  reaction  (4)  competitive. 

This  does  not  appear  plausible  in  view  of  the  rapidity  of 
reactions  such  as 


HO 2  +  H02— >  H202  + 

°2 

(6) 

H202  +  M  2 OH  + 

M 

(7) 

H02  +  OH  - *•  H20  + 

°2 

(8) 

which  can  destroy  H02-  Baldwin  [98] 

estimates 

k6f  at  10 

3  -1  -1 

cm  mole  sec  at  773K.  Kaufman  [101]  ,  Foner  and  Hudson 

[102],  Ealdwin  [97]  and  Schofield  [103]  estimate  kg^S^lO42  cm3 
mole  ^  sec  ^  at  300K.  Furthermore,  the  results  of  Meyer  [104] 
on  the  H2C>2  decomposition  reaction  (900-1400K)  show  [H02]  to 
be  less  than  10  ^  times  [OH^and  this  decomposition  supposedly 
exhibits  enhanced  relative  concentrations  of  H02. 
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Furthermore,  it  will  be  seen  in  the  following  section 
that  reverse  and  forward  measurements  of  and  discre  ncies  in 
high  and  low  temperature  measurement  of  k^.c  can  be  resolved  with¬ 
out  introduction  of  secondary  oxidation  paths  for  CO  (such  as 
(4)),  Other  experimental  evidence  refuting  previous  suspicion 
of  the  importance  of  reaction  (4)  in  the  methane  oxidation 
will  be  presented  in  Chapter  6. 

With  reaction  (1)  the  remaining  primary  mechanism 
for  formation  of  C02  in  the  oxidation  of  CO,  it  is  apparent 
that  factors  controlling  the  level  of  fc)H] must  account  for  the 
empirically  derived  overall  rate  expression.  This  can  be  con¬ 
firmed  to  some  extent  by  the  following  simple  arguments  first 
proposed  by  Fristrom  and  Westenberg  [2]. 

If  one  considers  the  situation  of  very  small  amounts 

of  CO  reacting  in  a  hot  environment  rich  in  water  and  oxygen, 

the  levels  of  [OH]  ,  [0]  ,  and  [H]  should  be  very  near  those 

established  by  thermodynamic  equilibrium,  that  is,  from  the 

equilibrium  formation  reactions 

K 

Ptj  o 

H2  +  H20  5_7 


K 


^02  +  ^H2  ~v  ■  OH 


eq 


P0H  [h2o]  2  [o23 4 

C*  (  Rip  \  '4 

PH20  (RT) 


5-8 


[OH]  =  [OH] 


5-9 
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The  concentration  of  [H]  would  be  small  and,  neglecting  the  re¬ 
verse  reaction  of  (1) , 


-d  [CO]  =  klf  [CO]  &H] 
dt 

It  would  follow  that 


-d [C01  _  klf  Kp 


dt 


OH 


(RT)^K. 


H 


[CO]  [H?0]^  [02}k 


Ph2° 


5.10 


Expressing  data  for  K  and  KD  2  from  JANAF  Tables  [105] 


■OH 


'pH20 


in  Arrenhius  form. 


K 


OH 


(RT)^K  ** 

PH.  0 
z 


=  10"87  exp 


-38,400 

RT 


5.11 


and  using  the  Baulsch  and  Drysdale  evaluation  for  k^  [99] 

.11 . 74 


=  10**’ exp ■±— ^  |  cm"'  mole  *  sec 


1080  \  3  _„_-l 

RT  ) 


5.12 


-d  [CO]  _  lQ12 . 61 
dt 


sxp  (-  3--rV'Q")  [go]  Ih2o]^  [o2]% 


Fristrom  and  Westenberg  [2]  report  the  derived  ex¬ 
pression  (Equation  5.12)  as 


-d  bo] 


dt 


=  4  x  1013  [CO] 


[h2o^2 


[02]k 


-45,000 
e  RT 


5.13 


The  differences  in  pre-exponential  constant  and  temperature 
dependence  are  due  primarily  to  revised  estimates  for  the  ex¬ 
pression  for  k^. 
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It  is  interesting  that  these  same  reaction  orders 
are  found  in  many  of  the  experimental  studies  summarized  in 
Table  5.2.  In  fact,  the  present  work,  which  deals  only  with 
oxygen  and  water  rich  reaction  environments,  also  exhibits  the 
same  temperature  dependence  {Equation  5.6)  as  found  in  Equation 
5.12.  However,  it  should  be  noted  that  Equation  5.12  predicts 
rates  of  oxidation  of  CO  (see  Figure  5.7)  100  times  slower  than 
the  present  work  and  10-100  times  slower  than  all  of  the  other 
experimental  investigations  presented  in  Table  5.2. 

Such  a  large  discrepancy  in  rate  cannot  be  attributed 
to  the  value  of  k^  used  in  Equation  5.12?  numerous  experimental 
measurements  of  this  rate  constant  do  not  scatter  by  more  than 
a  factor  of  10,  Thus,  the  level  of  [OH]  in  the  experiments 
must  be  in  the  order  of  100  times  greater  than  that  determined 
by  thermodynamic  equilibrium.  That  [OH]  might  achieve  con¬ 
centrations  this  far  above  that  at  thermodynamic  equilibrium, 
jOH|  ecj  ,  is  not  unreasonable.  Several  investigators  including 
Sugden,  et  al.  [106,  107]  ,  Schott  [108,109]  ,  and  Kaskan  tl00] 
have  experimentally  shown  [OH  ]  >  [OH ]  e< ^  by  one  to  three  orders 
of  magnitude  in  hydrogen-oxygen  flames  and  shock  tube  studies; 
furthermore,  Kaskan  [110]  has  shown  [oh]  >  [oh]  ,  [0]>  [0] 

0  q  0  g 

in  atmospheric  hydrogen/air  flames  seeded  with  carbon  monoxide. 

Sugden,  et  al.  [106,107]  and  Schott  [108,109]  have 
attributed  this  super-equilibrium  phenomena  to  the  balanced* 
rapid  reactions, 

*A  balanced  elementary  reaction  is  defined  by  Sugden  [106]  as  one 
in  which  the  forward  and  reverse  reactions  are  in  equilibrium  with 
each  other  but  not  necessarily  with  other  reactions. 
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H  +  02  =*= 

=*■  OH  +  0 

(9) 

o  +  h2*= 

i  OH+  H 

(10) 

OH  + 

=±r  H20  +  H 

(11) 

The  general  assumption  is  that  these  reactions  achieve  a 
•'partial  equilibrium"  among  themselves  before  the  slower  recom¬ 
bination  reactions, 

(H,  OH,  0)  +  (H,  OH,  0)+  M“*(Jrodicts)  +M  (12) 

can  contribute  to  the  equilibrium  mechanism  and  reduce  the 
radical  concentrations  to  values  appropriate  to  equilibrium 
products.  Initially,  Schott  [108]  suggested  that  the  partial 
equilibrium  values  of  radical  species  represented  practical 
upper  limits  to  the  maximum  concentrations  reached  by  [OH] 
and  the  other  reaction  intermediates;  later  work  of  Schott 
and  Hamilton  [L09]  indicated  that  H2~02  mixtures  far  from 
stoichiometric  conditions  could  initially  produce  concentrations 
of  one  or  more  of  the  chain  carrier  species  considerably  above 
partial  equilibrium  levels.  However,  chain  carrier  concentra¬ 
tions  were  seen  to  approach  partial  equilibrium  later  in  the 
reaction. 

Analytical  solutions  of  a  mechanism  involving  the 
reactions  (9) -(12)  have  been  attempted  in  connection  with  the 
CO  oxidation.  Hottel,  et  al.  [83]  combined  these  reactions 
and  reaction  (1)  to  attempt  explanation  of  the  low  temperature 
dependence  and  varying  reaction  orders  observed  in  their  stirred 
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reactor  studies.  Though  sc  ie  favorable  comparisons  could  be 
made  in  the  trends  predicted  by  the  analytical  model,  no  closed 
numerical  comparisons  were  possible.  In  light  of  Lavrov's 
work  [85]  (see  Page  143) ,  agreement  might  have  been  fortuitous. 

It  should  also  be  noted  that,  though  reactions  (9) -(12)  may  be 
in  partial  equilibrium,  they  do  not  by  themselves  offer  the 
only  possible  mechanistic  routes  for  destruction  or  creation 
of  [OH].  Kaskan  [100]  has  commented  that  the  balanced  reaction 

H20  +  0  3F=»  OH  +  OH  (13) 

is  equivalent  to  a  combination  of  the  balanced  reactions  (10) 
and  (11).  However,  reaction  (13)  might  offer  additional  con¬ 
tributing  terms  to  the  net  [OH]  production  of  a  reaction  mecha¬ 
nism.  In  fact,  from  the  evaluations  of  Baulsch  and  Drysdale  [99], 


3.4 


8550  \ 
RT  ) 


or 

^1  Of  o 

>  4  x  10  ^  for  T  >  1000K 

K10f 

[H2°] 

For  the  ratios  of  — — .  generally  observed  in  the  present 

i*x2  J 

work  and  reported  by  Hottel,  et  al.  [83], 


[H2°] 

[h2] 


10 


+1 


10 


+2 


/ 


reaction  (13)  can  add  significant  branching  in  the  production 
of  [OH]  from  0  atoms. 
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At  any  rate,  it  would  appear  that  analytical  model¬ 
ing  of  the  overall  rate  expressions  of  Table  5.2  must  be 
relegated  to  numerical  integration  of  a  reasonably  complex 
mechanism  on  a  computer.  This  conclusion  is  substantiated  by 
the  results  of  Singh  and  Sawyer  [95]  which  experimentally  show 
[OH]  to  be  somewhere  between  the  thermodynamic  and  partial 
equilibrium  values,  and  not  necessarily  approaching  either 
value.  Furthermore,  the  contributions  of  the  H02  radical  to 
the  CO  oxidation,  cannot  be  neglected.  Although  its  direct 
reaction  with  CO  is  unlikely,  at  high  pressures  [B02]  can  be 
relevant  to  production  of  [OH] .  The  reaction 

H  +  02  +  M  — H02  +  M  (14) 

can  compete  quite  favorably  with 

H  +  02 — OH  +  0  ,  (9) 

From  Baulsch  and  Drysdale  [97] 


"9f 


[M]  •  k 


6  x  10 


-2 


14f 


RT  exp 


(for  M  =  N2) 


/-17 , 800  ) 
(  RT  ) 


and  at  atmospheric  pressure  and  1000K 


[M]  •  k 


w9f 

14f 


.6 


Furthermore,  due  to  the  rapidity  of  reactions  (6) -(8),  re¬ 
action  (14)  cannot  in  itself  be  considered  a  termination 


step 
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Thus,  even  a  crude  elementary  mechanism  of  the  CO 
oxidation  must  include: 


CO  +  OH 
H  +  0„ 


H  +  02  +  M 
H  +  H20  s 


0  +  H„ 


0  +  h2o 


C02  +  H 
OH  +  0 
H02  +  M 
H2  +  OH 
OH  +  H 
OH  +  OH 


some  reactions  such  as  : 


(1) 

(9) 
:i4) 
(11) 

(10) 
(13) 


H02  +  HO 2 

H2°2  +  °2 

(6) 

H202  +  M 

OH  +  OH  +  M 

(7) 

H02  +  OH 

* 

H2°  +  02 

(8) 

HO  2  +  H  2 

H.202  +  H 

(15) 

and  the  terminating  reactions: 


(H,  OH,  0)  +  (11,  OH,  0)  +  M->.sta5l6\  +  M 

products 

ivcdL . 

(H02)  — stable  products 


(12) 


(lv  ' 


Browne,  et  al.  [Ill]  have  used  a  most  complex  mechanism  in¬ 
volving  28  such  reactions  to  analytically  mod-'l  density  pro¬ 
files  (with  time)  in  shock  heated  mixtures  of  Hn,  CO  and  0_. 
Though  favors  Le  comparisons  with  experimental  measurements 
were  obtained,  many  of  the  elementary  kinetic  parameters  and 
even  the  number  of  elementary  reactions  do  not  appear  to  be 
unique.  Some  of  the  rate  constants  were  completely  unknown, 
while  others  are  defined  onj.y  to  within  1  50%  (relative) . 

No  reactions  involving  H202  were  used  in  the  mechanism.  It 
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would  appear  to  this  author  that  further  computer  modeling 
would  be  worthwhile,  and  that  overall  kinetic  measurements 
presented  in  this  section,  along  with  chemical  profile  and 
rate  data  similar  to  Figure  5.1,  will  be  of  great  help  in 
evaluating  which  elementary  reactions  are  important  to  the 
mechanism. 

5.4  Some  Observations  on  the  Reaction  CO  +  OH — CO2  +  H 

As  discussed  in  the  previous  section,  reaction  (1) 


CO  +  OH 


C02  +  H 


(1) 


apparently  offers  the  only  primary  route  by  which  C0?  is 
formed  in  the  C0(H20)/02  reaction.  Likewise,  in  the  oxida¬ 
tion  of  hydrocarbons,  there  is  no  other  reaction,  except 
possibly. 


CO  +  HO. 


C02  +  OH 


(4) 


which  could  compete  successfully  with  reaction  (1) .  Thus, 

if  k^f  is  known,  and  T,  [CO],  and  d[C02J  are  measured, 

dt 

reaction  (1)  can  be  used  to  accurately  estimate  the  concen- 
* 

tration  of  lOH]  .  For  this  reason,  reaction  (1)  has  achieved 
great  importance  in  kinetic  studies  of  other  elementary  reac¬ 
tions  involving  [OH]  ;  and,  thus,  assignment  of  suitable  kinetic 
parameters  (C-^  and  E^)  to  this  hydroxyl  radical  reaction  has 
been  a  long  standing  problem. 

A  summary  of  experimental  data  on  reaction  (If) 


Provided  that  reaction  (If)  may  be  neglected  or  is  suitably 
taken  into  account. 
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is  presented  in  Figure  5.8.* 

Early  high  temperature  results  (Fristrom  and  Westenbgrg  [2, 

112]  ,  Fenimore  and  Jones  [113]  )  and  the  work  of  Avramenko 
[94]  resulted  in  an  evaluation  by  Fristrom  and  Westenberg 
[30,  112]  of  C-^  and  as 

k.  „  =  6  x  10^2  exp  (  -  770o\ 
lf  V - ST"/ 

However,  following  the  consistent  room  temperature  measurements 
of  three  laboratories  (Dixon-Lewis ,  et  al.  [1141  ,  Wilson 
and  Westenberg  [115],  Greiner  [116],  Wilson  and  O' Donovan  [117]) 
and,  in  light  of  the  errors  in  Arvamenko's  work  [94]  found  by 
Kaufman  and  DelGreco  [118]  ,  Dixon-Lewis,  et  al.  [114]  re¬ 

evaluated  the  description  uf  k^f  as 

klf  =  3.1  x  1012  exp/-60(A 


Following  this,  several  critical  surveys  (Wilson  [119], 
Schofield  [103]  ,  Baulsch  and  Drysdale  [99])  have  repeatedly 


concluded  the  temperature  dependence  of  k.^,  E^,  to  verY 


*Many  experiments 
k^f  relative  to  k 


(e.g.,  References  [114,124-127]  evaluate 
Hr  where  Jlnr  the  rate  constant  for 


H20  +  H  *=5-  H2  +  OH  (11) 

Recent  experimental  data  for  k]_ir  [122,129]  at  temperatures 
in  close  proximity  to  those  of  each  CO  experiment  were  used 
to  re-evaluate  these  k. f's  and  the  new  values  are  plotted  in 
Figure  5.8.  11 
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iOOO/T-CK"1) 

AVAILABLE  EXPERIMENTAL  MEASUREMENTS 
OF  THE  SPECIFIC  RATE  CONSTANT,  k,f,  FOR 

C0+  OH  —  C02  +  H 


FIGURE  5.8 
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small,  in  spite  of  the  large  temperature  dependence  which 
continued  to  be  experimentally  found  above  1000K  (Jost, 
et  al.  [121],  Brabbs  ,  et  al.  [12  0]). 

This  difference  between  low  and  high  temperature 
results  has  generally  been  attributed  to  experimental  diffi¬ 
culties  incurred  in  the  high  temperature  measurements.  How¬ 
ever,  Wilson  [96] ,  has  concluded  that  experimental  errors 
alone  could  not  account  for  the  order  of  magnitude  difference 
between  high  temperature  measurements  and  the  extrapolation  of 
the  precise  results  of  Greiner  [122]  near  room  temperature. 
Wilson  [96]  advanced  two  other  possible  explanations  for  the 
observed  discrepancies:  either  the  reaction  does  not  follow 
the  classical  Arrenhius  temperature  dependence  of 


„n 


6  =  1,2 . 


kij  =  cii  T  exP  Ei-;  ;  i  =  s , 


11 


n_ 


6.13 


RT 


n ,  c . .  ,  E. .  constant 
il  il 


or  there  are  competing  CO  reactions  which  are  not  properly 
accounted  for  in  the  experimental  analyses  summarized  in  Figure 
5.8.  Finding  that  including  the  pre-exponential  temperature 

p 

dependence  of  T2  did  not  improve  the  discrepancy,  he  pursued 
the  possibilities  of  other  competing  reactions.  However,  it 
might  be  argued  that  che  specific  rate  constant,  while  not  con¬ 
forming  to  classical  kinetics,  (Equation  5.13)  might  be  ex¬ 
plained  by  absolute  reaction  rate  theory.  Thus,  in  the  present 
work,  the  temperature  dependence  of  reaction  (1)  has  been 
analytically  investigated  using  transition  state  theory  (see 
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Laidler  [130]  or  Benson  [131]  ) .  In  contrast  to  the  classical 
approach,  transition  state  theory  predicts  a  temperature  de¬ 
pendence  of  the  form 


k .  .  = 
13 

Cij  Qij exp 

-EO  -  •  as  .... 

- i-1 

RT  J  7  * 

5.14 

C .  . , 

13 

Eo^j  constant 

where  Eo. .  is  the  activation  energy  barrier  between  reactants 
13 

and  products  in  their  zero  point  vibrational  states,  and 
Q^j (T)  is  the  pre-exponential  temperature  dependence  resulting 
from  the  various  degrees  of  freedom  o€  the  reacting  species 
and  the  activated  complex.  The  constant,  C^j,  includes  all  non¬ 
temperature  dependent  terms  such  as  the  symmetry  number,  moments 
of  inertia,  ete.  it  was  not  the  intention  of  this  work  to 
theoretically  evaluate  but  simply  to  estimate  the  pre¬ 
exponential  temperature  dependence  Q-^f(T).  Therefore,  the 
characteristics  of  the  activated  complex  that  must  be  known 
are  the  structure  (linear  or  non-linear)  and  the  vibration  fre¬ 
quencies.  The  vibration  frequencies  of  the  activated  complex, 
HOCO  ,  for  reaction  (1)  can  be  estimated  in  two  ways: 

j, 

(i)  The  vibrational  structure  of  HOCO  can  be  en¬ 
visioned  as  similar  to  the  species  HONO.  The  cis- 
and  trans-forms  of  this  molecule  have  been  examined 
spectroscopically  (Herzberg  [132] ) ;  necessarily, 
this  approach  will  yield  results  only  for  an 
assumed  non-linear  HOCO  complex. 
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(ii)  Both  linear  and  non-linear  vibrational  struc¬ 
tures  of  HOCO  ^  can  be  estimated  by  the  char¬ 
acteristic  frequency  method  of  Bennewitz  and 
Rossner  [133,134  ]. 


The  estimated  fundamental  vibration  frequencies  of 

jL 

HOCO  resulting  from  these  two  approaches  are  presented  m 
Table  5.3. 


The  formulation  for  Q.^(T)  will  depend  on  the  assumed 
structure  of  the  complex.  For  the  non-linear  activated  complex 


01((T)  =s: 


Q,/  (T) 


T  Q>vCPt) 


5.15 


where  (T)  are  the  vibrational  parti tition  functions  (excluding 

the  zero  point  vibrational  energy  contributions)  and  where 

Qv  (T),  the  vibrational  partitition  function  of  the  activated 
u 

complex,  HOCO  ,  excludes  the  vibrational  mode  along  the 
reaction  coordinate.  Independent  of  the  structure,  the  missing 
vibrational  mode  was  assumed  to  be  the  frequency,  1/^,  (Table 
5.3)  which  can  be  attributed  primarily  to  the  stretching  of  the 
0-H  bond.  However,  for  the  linear  activated  complex,  the  1/T 
dependence  in  Equation  5.15  becomes  1/T  '  (one  less  rotational 
degree  of  freedom)  and  (T)  will  include  one  additional  vibra¬ 
tional  degree  of  freedom,  ^7.  For  example,  using  the  average 
of  the  cis,  trans  values  of  the  ^  “  ^6  frecIuencies  f°r  the  HONO 
model,  and  the  fundamental  vibration  frequencies  of  OH  and 
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ESTIMATED  FUNDAMENTAL  VIBRATION  FREQUENCIES 
FOR  THE  ACTIVATED  COMPLEX,  HOCO 


i.  Using  Fundamental  Frequencies  of  HONO 

(  ^  in  cm  ■*") 


A 

v>2 

V>3 

V>4 

v5 

Vs  h 

Cis 

3426 

1639 

1370 

856 

620 

638 

Trans 

3590 

1698 

1264 

793 

548 

544 

Average 

3510 

1664 

1317 

825 

584 

591 

ii.  Using 

Characteristic  Frequencies 

of 

HOCO  ^ 

Non- 

Linear 

3500 

1740 

1030 

1350 

780 

1120 

Linear 

3500 

1740 

1030 

1350 

780 

1120  1083 

TABLE  5.3 
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CO  (Herzberg  [135]  ) , 


Q|f  (TMHONO  MODEL)  s  Q,'f  (T)  =  ^ 

1 

l  -3I25\ 
U-e  T  ) 

/  -2400N j 

t  -I899\  / 

'  -876 \/ 

’  -852  \ 

Lll-e  T  i1 

ll-e  T  )\ 

J-e  T  )\ 

il-e  T  ), 

Similar  expressions  result  for  the  non-linear  and  linear 
characteristic  frequency  models  of  KOCO  ^ 


Q,f  (T)(NONLINEAR)  =  Q,f  (T)  =  1 


/  -5370  \ 

ll-e  T  ) 

/  -3125 1 

ll-e  T  , 

1 

/  -1500  X 

ll-e  T  ) 

/  -I940\ 

ll-e  T  ) 

ll-e  T  ) 

1 

a> 

1 1 

-1  £ 
|o 

luI- 

5.17 


Qlf 


(T)  (UNEAR)=  Q"f 


5.18 


In  addition  to  the  formulation  of  Q.^(T)  (Q*  Q#/  or 

Q  >U  if)  •  and  Eoif  (Equation  5.14)  must  be  determined  to 
obtain  the  analytical  description  of  klf.  These  constants 
could  be  theoretically  estimated,  or  alternatively.  Equation 
5.14  could  be  least  square  fitted  to  the  experimental  data 
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of  Figure  5.8.  However,  it  should  be  re-emphasized  that  the 
intention  of  this  work  is  to  attempt  some  reconciliation  of 
the  experimentally  observed  temperature  dependence  in  the  high 
and  low  temperature  regimes.  Thus,  it  was  decidedly  easier  and 
just  as  effective  to  parametrically  vary  Eo^  over  a  reasonable 
range  and  to  choose  C^  such  that  the  analytical  k.  £  (for  the 
chosen  Eo^f  and  form  of  Q^f(T))  fitted  the  experimental  data  at 
the  most  investigated  value  (temperature  =  300K) : 


k.  -  calculated 
It 


—  q  C  ,  n10  3  ,  -1  ~1 

=  8.5  x  10  cm  mole  sec 


[f=300K 


The  resulting  analytical  expressions  could  then  be  extrapolated 
to  the  high  temperature  regime  for  comparison  with  experiment. 

The  analytical  results  obtained  for  the  three  assumed 
models  of  the  HOCO  activated  complex  are  presented  in  Figures 
5.9-5.11.  Comparison  of  analytical  and  experimental  results  are 
presented  in  Figure  5.12.  The  agreement  of  the  transition  state 
theory  results  tfith  experimental  data  is  most  promising.  It  might 
be  suspected  that  the  assumed  structure  (linear  or  non-linear)  of 
the  HOCO  complex  would  be  of  some  concern.  Westenberg  and 
Wilson  [115(b)]  have  argued  that  a  linear  complex  might  be  more 
likely  on  the  basis  that  the  polyatomic  product  of  the  reaction, 
C02>  was  linear.  However,  another  intuitive  argument  could  be 
that  a  linear  product  could  form  from  a  non-linear  complex,  but 
not  vice-versa.  The  above  comparison  (Figure  5.12)  makes  the 
question  rather  academic  as  far  as  the  displayed  temperature  de¬ 
pendence  is  concerned. 


FIGURE  5.9 


IOOO/T~(K' ) 

TEMPERATURE  DEPENDENCE  OF  k,f 
HONO  MODEL  NON-LINEAR  COMPLEX 


k  ,f  ~(cm3  mole" 'sec') 


:ss 


COMPARISON  OF  ANALYTICAL  AND 
EXPERIMENTAL  RESULTS  FOR  REACTION  (I), 
CO  +  OH— C02  +  H 


FIGURE  5.12 
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Results  are  seen  to  be  slightly  dependent  on  the 
choice  of  Eo^.  At  room  temperature,  Q.^(T)  in  all  cases 
(Equation  5.16-5.18)  contributes  much  less  to  the  temperature 
dependence  of  than  the  exponential  term,  Eo^.  The 
measurements  of  Greiner  U22]  at  300-500K  indicate  this  tem¬ 
perature  dependence  to  be  (in  exponential  form)  230  -  140  cal 
mole'"'1'.  In  light  of  this  low  value,  Eo^  must  surely  lie  in 
the  range  0-900  cal  mole  \  Furthermore,  if  Eolf  is  '  .ifficient- 
1.Y  small,  Eo^f  <  200  (Equation  5.16),  Eolf  <  400  (Equation  5.17), 
<  600  (Equation  5.18),  a  negative  temperature  dependence 
of  klf  near  room  temperature  is  observed.  Although  Greiner  tL 22 ] 
concludes  the  temperature  dependence  to  be  positive,  his  data 
(see  Figure  5.8)  could  equally  support  a  Sxightly  negative  rela¬ 
tionship.  Furthermore,  if  one  were  to  observe  reaction  (1) 
over  a  limited  temperature  range  and  attribute  all  temperature 
dependence  to  the  Arrenhius  term  in  expression  5.13  (ie  n  =  0) , 
one  would  calculate  an  apparent  value  for  the  activation  energy, 
Ej £.  But,  this  is  exactly  what  has  been  done  in  several  of  the 
independent  experimental  investigations  reported  in  Figure  5.8. 
An  analytical  similitude  can  be  obtained  by  estimating  the  mean 
slope  of  one  of  the  expressions  in  Figures  5.9-5.11  over  a  short 
temperature  range.  Analytical  calculations  for  the  HONO  model 
with  Eo^  =0  cal/mole  (Figure  5.12,  solid  line)  are  compared  to 
experimental  results  in  Table  5.4.  It  is  interesting  to  note 
that  the  magnitudes  of  both  the  analytical  and  experimental 
apparent  activation  energies  are  similar  and  increase  with 
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Comparison  of  Observed  and  Analytical  Apparent 
Activation  Energy,  E.^,  Equation  5.13 (N=0) 


Ref. 

Temp.  Range 

Reported  Experimental 
Apparent  E^f 

Estimated  Analytical 
Apparent  E^ 

(Deg.  K) 

(cal/mole) 

(cal/mole) 

[122] 

300  -  500 

230  ^  140 

-230 

[129] 

300  -  610 

1200 

+200 

[121] 

1380  -  1720 

4700 

5200 

[120] 

1300  -  1900 

3700 

5800 

[4] 

1600 

8700 

5800 

TABLE  5.4 


172 


increasing  temperature. 

In  summary,  although  Wilson  [96]  correctly  concluded 
that  the  experimental  data  on 

CO  +  OH  — ►  C02  +  H  (1) 

does  not  conform  to  classical  kinetic  interpretation,  this 
work  shows  that  absolute  reaction  rate  theory  can  account  for 
the  entire  difference  in  low  and  high  temperature  observa¬ 
tions.  The  true  activation  energy  of  reaction  (1)  may  be  very 
near  zero,  but  the  temperature  dependence  of  the  specific  rate 
constant  can  be  substantial  at  high  temperatures.  Thus,  to 
explain  experimental  measurements,  there  is  no  need  or  sup¬ 
portive  evidence  for  any  other  elementary  reactions  such  as 

CO  +  H02  - *-  C02  +  OH  (4) 

contributing  to  C02  formation  at  high  temperature. 

Furthermore,  it  is  important  to  emphasize  that, 
when  a  specific  rate  constant  relation  is  used  over  large  tem¬ 
perature  ranges  (as  in  kinetic  computer  modeling  of  combustion 
processes),  the  inclusion  of  more  than  the  classical  pre¬ 
exponential  temperature  dependence  of  the  specific  rate  con¬ 
stant  may  be  essential.  This  is  particularly  true  when  Eo^j 
is  very  small. 

Considering  that  the  high  temperature  experimental 
measurements  on  reaction  (1)  may  be  better  than  most  have  pre¬ 
viously  thought,  data  on  several  other  hydroxyl  reactions  which 
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have  heen  comparatively  studied  should  he  reviewed.  This  will 
become  more  evident  in  the  next  chapter  during  discussion  of 

'  s 

the  reactions  contributing  to  disappearance  of  CH^  in  the  ; 

i 

oxidation  of  methane. 

! 

I 

i 

I 


174 


CHAPTER  6  -  OXIDATION  OF  METHANE  AT  HIGH  TEMPERATURES 

Since  the  initial  work  of  Bone  and  Gardiner  [136], 
numerous  researches  have  been  performed  on  the  reaction  of 
methane  and  oxygen  at  low  temperatures.  However,  relatively 
few  studies,  other  than  those  in  flames  (e.g.,  Van  Tigglen, 
et.  al.  [137],  Westenberg  and  Fristrom  [2],  Dixon-Lewis  and 
Williams  [3])  have  investigated  the  complete  oxidative  reac¬ 
tion  at  temperatures  greater  than  900K.  This  fact  is  due  in 
part  to  experimental  difficulties  arising  from  the  macroscopic 
chemical  character  of  the  methane-oxygen  reaction. 

As  with  all  high  temperature  hydrocarbon-oxygen 
reactions,  the  chemistry  proceeds  through  two  distinct  phases. 
There  is  an  initial  slow  reaction  stage  accompanied  by  little 
or  no  energy  release  which  is  generally  referred  to  as  the 
induction  period.  During  the  induction  phase,  reaction  centers 
important  to  chain  branching  build  up  to  levels  necessary  to 
cause  explosion  (fast  reaction) .  In  the  case  of  methane 
oxidation,  this  initial  reaction  phase  has  been  studied  in 
both  shock  tubes  (Skinner  and  Ruehrwein  [138],  Asaba,  et.  al . 
[139],  Miyama  and  Takeyama  [140],  Glass,  et.  al.  [141],  Seery 

and  Bowman  [142],  Higgen  and  Williams  [143])  and  flow  reactors 

✓  * 

(Loyd  [144],  Mullins  [145],  Nemeth  and  Sawyer  [146]  ). 

If  one  reviews  the  experimental  data  of  Nemeth  and  Sawyer 
[146],  one  finds  that  they  have  characterized  only  the 
initial  reaction  stage,  i.e.,  the  inducfeio’.  kinet  ics. 


175 


The  induction  period  is  abruptly  followed  by  a 
highly  exothermic  reaction  phase  during  which  the  remaining 
hydrocarbon  fuel  is  rapidly  consumed.  The  final  distribu¬ 
tion  of  products  is  a  function  of  equivalence  ratio  and 
temperature  and  is  generally  considered  to  proceed  through 

the  sequential  oxidation  process, 

0„  0 
ch4  - - - ►  h2o  +  CO  - - - >  co2  +  h2o 

While  Brokaw  [147]  has  shown  that  induction  time 
for  higher  paraffins  (kerosene  and  iso-octane)  accounts  for 
less  than  20%  of  the  total  reaction  time  (induction  time 
plus  exothermic  reaction  time),  induction  period  chemistry 
can  in  some  cases  completely  dominate  the  reaction  time  for 
methane  and  oxygen.  Shock  tube  experiments  of  Seery  and 
Bowman  [142]  and  Bowman  [148]  clearly  show  that  induction 
time  accounts  for  20%-90%  of  the  reaction  time;  thus, 
experimental  methods  employing  residence  time  measurements 
(Burgoyne  and  Hirsch  [21]  and  Kozlov  [23])  may  under  some 
circumstances  characterize,  to  a  large  extent,  only  the 
induction  period  kinetics. 

However,  it  is  the  secondary,  highly  exothermic 
phase  of  the  reaction  that  is  important  in  most  practical 
design  situations.  For  example,  in  turbine  combustor 
systems,  recirculation  of  hot,  partially  burned  gases  pro¬ 
vides  the  ignition  source  for  continuous  operation.  These 
hot  gases  will  contain  some  of  the  necessary  reaction  centers 
for  chain  branching,  and  thus  the  fluid  mechanics  will 
significantly  reduce  or  eliminate  the  induction  period  phase 
of  the  reaction.  The  post-induction  phase  of  the  oxidation 
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will  remain  largely  uneffected,  and  thus  this  reaction  time 
will  be  the  characteristic  parameter  of  importance  in  choosing 
the  combustor  volume.  Furthermore,  this  same  chemistry  will 
be  of  interest  in  the  oxidative  reaction  of  higher  paraffins 
where  induction  times  are  more  nearly  a  function  of  fuel 
pyrolysis  than  of  direct  reaction. 

Thus,  it  was  the  intention  of  this  study  to  deal 
primarily  with  the  post  induction  phase  kinetics  of  the  methane- 
oxygen  reaction.  Turbulent  flow  reactor  experiments  were  con¬ 
ducted  .in  5  and  10  cm  diameter  reactor  tubes  with  nitrogen  or 
air  as  carrier.  Both  chemical  analysis  and  thermal  analysis 
experiments  were  conducted.  Thermal  analysis  measurements 
were  obtained  during  construction  and  testing  of  the  chemical 
sampling  and  analysis  systems,  and  they  provided  guidance  for 
the  ensuing  chemical  studies.  The  thermal  data  also  offer  an 
interesting  comparison  for  the  chemical  results.  As  in  the 
preceding  chapter,  a  summary  of  the  range  of  parameters 
studied  in  each  case  are  presented  in  Table  6.1.  It  should 
be  noted  immediately  that  experimental  results  were  obtained 
over  a  limited  range  of  equivalence  ratio  (^<0.6).  This  fact 
is  due  to  the  strong  dependence  of  the  CH^  02  induction  time 
on  equivalence  ratio.  Through  shock  tube  experiments,  Seery 
and  Bowman  [142]  have  emperically  correlated  the  induction  time, 

>  as 

-1.6  +0.4  -18  (+51,400) 

'Y-  =  [Oj  [ CH , j  7.65  x  10  e  x  RT  y  (sec) 

‘ (V0  c  H 
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RANGE  OF  EXPERIMENTAL  PARAMETERS  FOR 


STUDIES  OF 

THE  CH4/02  REACTION 

Thermal 

Chemical 

Analysis 

Analysis 

X° 

.005  .013 

.005  -  .009 

CH4 

X° 

°2 

.02  -  .20 

.025  -  .20 

(Equivalence  Ratio) 

.05  -  .500 

.05  -  .55 

Duct  Diameter 

10  cm 

5-10  cm 

Pressure 

1  atm 

1  atm 

Temperature 

1200  -  1400K 

1100  -  1400K 

Additive  Experiments 

None 

CO  and/or  H20 

Table  6.1 
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While  7^0 was  qualitatively  observed  to  follow  these  concen¬ 
tration  dependences  in  this  study,  it  will  be  shown  later  that 
the  time  necessary  to  complete  the  exothermic  phase  of  the 
reaction,  /  was  inversely  effected  by  the  methane  con¬ 

centration.  Thus,  as  the  equivalence  ratio  was  increased, 
the  induction  time  increased  while  the  exothermic  reaction 
time  decreased.  As  =  0.6  was  approached,  flow  velocities 
had  to  be  considerably  reduced  to  complete  the  reaction  in 
the  length  of  the  reactor  duct;  and,  at  these  lower  velocities, 
the  exothermic  reaction  was  not  sufficiently  spread,  i.e., 
longitudinal  diffusion  and  conduction  effects  were  no  longer 
negligible . 

It  should  be  mentioned  that  Equation  6.1  predicts 
induction  times  two  to  four  times  longer  than  those  experi¬ 
mentally  observed  in  the  flow  reactor.  It  is  not  clear  that 
mixing  effects  occurring  in  the  initial  stages  of  the  reaction 
accounted  for  this  discrepancy;  but  for  this  reason,  reaction 
time  measurements  should  not  be  used  to  study  the  induction 
period  kinetics  in  flow  reactors. 

The  following  sections  of  this  chapter  will  present, 
discuss,  and  compare  the  turbulent  flow  reactor  measurements 
of  the  methane  oxygen  reaction  and  those  of  other  investigators. 
The  qualitative  results  of  this  study  will  be  presented  and 
discussed  first,  and  this  will  be  followed  by  presentation  of 
the  emperical  correlation  and  discussion  of  results  of  the 
methane  disappearance  rate  and  carbon  dioxide  production  rate. 
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The  concluding  section  of  the  chapter  will  discuss  the 

relevance  of  these  qualitative  and  quantitative  observations 

to  the  description  of  the  elementary  reaction  mechanism. 

6.1  Qualitative  Chemical  Observations 

Typical  chemical  analysis  results  for  reaction 

of  methane  and  air  at  two  different  initial  temperatures  are 

* 

presented  in  Figures  6.1  and  6.2  .  Illustrated  here  are  the 
concentration  profiles  for  the  major  species  CH^,  CO,  and  C09, 
and  minor  species  C2H4  an<^  C2H6‘  M^nor  specj.es  other  than 
C2H4  ari<^  C2H6  were  Present;  however,  carbon  atom  summations 
for  the  above  mentioned  compounds  were  always  within  3-5%  of 
the  carbon  initially  present  as  C02  (in  compressed  air)  and 
CH4>  CH2°  was  observed  in  the  gas  chromatographic  analysis? 
however,  sensitivity  and  repeatability  of  analyses  were  such 
that,  at  such  low  concentration  levels,  no  specie  profile 
could  be  constructed.  Hydrogen  was  also  known  to  be  present 
(Burgoyne  and  Hirsch  [21]  and  Pratt  [22]);  however,  its  con¬ 
centration  did  not  rise  above  the  lower  detection  limit  of  the 
detector  system  (300  ppm) . 

That  the  CH20  concentration  a<  counted  for  most  of 
the  total  carbon  discrepancy  was  confirmed  by  cryogenic 
sample  concentration.  Sample  flow  at  the  position  of  maximum 
carbon  deficiency  was  passed  through  a  cryogenic  trap  for  a 
period  of  fifteen  minutes.  After  returning  the  trap  to  room 

temperature  and  adding  ultra  j^rity  helium  to  raise  the  total 

~  ’  ‘  ' 

Tabulated  results  for  concentrocion,  concentration  gradient 
and  temperature  at  each  samplcu  position  „f  Figures  6.1,  6.2 
presented  in  one  of  the  computer  output  examples  in  Appendix 
B. 


are 


MOLE  PERCENT  SPECIES 
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CHEMICAL  COMPOSITION  OF  SPREAD  METHANE-AIR  REACTION 


TEMPERATURE  ~(K) 
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pressure  of  the  sample,  the  sample  concentration  factor  was 
evaluated  by  the  ratio  of  CC>2,  C2H4  and  C2H6  in  the  concentrated 
sample  to  amounts  in  a  sample  taken  before  the  cryogenic  trap. 
Hydrocarbons  other  than  CH20  were  detected  on  the  gas  chromato¬ 
graph  analysis  system.  CH2°  and  H2°2  c:>ncentra',:^ons  were 
evaluated  by  spectrophotometric  methods  using  chromotropic 
acid  (Bricker  and  Johnson  [149])  and  titaneous  sulphate 
(Egerton,  et.  al.  M.50]),  respectively.  Results  of  one  of 
the  analyses  are  presented  in  Table  6.2.  Addition  of  these 
measurements  reduced  error  in  total  carbon  balance  to  less 
than  2%. 

In  light  of  these  results,  it  was  feasible  to 
calculate  H20  and  C>2  concentration  and  gradient  profiles 
from  hydrogen  and  carbon  atom  balances  and  the  initial  con¬ 
centrations  of  CH^  and  CO^  (when  air  was  used  as  carrier). 

These  chemical  measurements  have  several  interesting 
features  which  may  be  compared  with  the  qualitative  methane 
oxidation  studies  of  Burgoyne  and  Hirsch  [21]  and  Pratt  [22] . 

First,  it  is  apparent  that  total  carbon  discrep¬ 
ancies  reported  in  both  of  these  studies  were  a  result  of 
undetected  C2  hydrocarbons.  Each  study  argued  that  these 
compounds  (as  well  as  others)  might  be  responsible;  however, 
the  employed  analysis  techniques  were  not  selectively  sensi¬ 
tive  to  C2Hg  and  C^H^. 

The  noted  was  almost  certainly  a  secondary 

reaction  product  of  the  oxidation  of  C2Hg,  and  C2H6  most 
likely  resulted  from  recombination  of  methyl  radicals  formed 
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CRYOGENIC  SAMPLE  CONCENTRATION  RESULTS 
ON  THE  METHANE/AIR  REACTION 


Experimental  Conditions 
Concentration  Factor: 

based  on:  C02  -  95.5 

C2H4  -  115. 

C2H6  -  97.0 

reaction  temperature  1200K 
X°CH4  -  .005 


Minor  Specie 

Maximum  Concentration 
(PPM) 

Analysis  Instrument 

ch2o 

100 

(1) 

C2H6 

60 

GC(FID) 

C2H4 

40 

GC(FID) 

ch3oh 

5 

GC(FID) 

C2H2 

1 

GC(FID) 

C3H6 

.01 

GC(FID) 

C3H8 

.01 

GC(FID) 

H2 

300 

GC (FID ) * 

H2°2 

1 

(2) 

Notes : 

(1)  Spectrophotometry,  Reference  [149] 

(2)  Spectrophotometry,  Reference  [150] 

*  Not  detected.  Figure  is  instrument  lower  detection 
limit. 


Table  6.2 
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from  CH^.  It  is,  however  somewhat  surprising  that  these  C 2 
hydrocarbons  reached  concentration  levels  comparable  to  that 
of  the  intermediary,  formaldehyde.  It  is  possible  that 
significant  amounts  of  methane  may  pass  through  this  C 
oxidation  route. 

A  more  interesting  observation  in  the  present 
studies  is  the  accelerated  formation  of  carbon  dioxide 
(relative  to  methane  disappearance)  with  increasing  tempera¬ 
ture.  This  is  reflected  in  Figures  6.1  and  6.2  as  a  decrease 
in  the  relative  maximum  concentration  of  carbon  monoxide  at 
increasing  reaction  temperatures.  At  an  initial  temperature 
of  HOOK  (Figure  6.1),  carbon  monoxide  concentration  maxi¬ 
mizes  at  60%  of  the  total  carbon,  while  at  a  higher  initial 
temperature  (Figure  6.2),  maximum  carbon  monoxide  concentra¬ 
tion  is  less  .ian  30%  of  the  initial  methane  concentration. 
Carbon  dioxide  formation  remains  suppressed  in  the  initial 
stages  of  the  oxidation  at  higher  temperature,  but  less 
methane  has  disappeared  before  C02  formation  becomes  signifi¬ 
cant.  These  observations  are  in  great  contrast  to  those  of 
Burgoyne  and  Hirsch  (21]  and  Pratt  [22] .  Both  studies  con¬ 
cluded  C02  formation  to  be  strongly  inhibited  by  the  presence 
of  methane  or  its  oxidation  products  until  nearly  all  the 
initial  fuel  had  disappeared.  No  definitive  experimental 
explanation  for  this  discrepancy  is  apparent.  However, 
maximum  relative  formaldehyde  concentrations  in  both  of  these 
studies  were  two  to  three  times  that  found  in  the  present 
work,  and  Burgoyne  and  Hirsch  [21]  have  shown  conclusively 
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that  CH?0  strongly  inhibits  the  oxidation  of  carbon  monoxide. 

There  is  not  an  obvious  reason  for  the  lower  concentrations 

of  CHgO?  however,  it  is  interesting  to  note  that  both  of  the 

studies  mentioned  above  were  in  laminar  flow  reactors  with 

surface  to  volume  ratios  as  much  as  two  orders  of  magnitude 

larger  than  those  in  the  present  work.  Although  experimental 

results  of  this  work  indicated  little  effect  of  surface  to 
* 

volume  ratio  ,  it  was  not  possible  to  deduce  if  surface  effects 
may  have  been  present  at  the  much  larger  surface  to  volume 
ratios  of  Burgoyne  and  Hirsch  [21],  Pratt  [22],  or  Kozlov 
[23],  These  authors  have  conclusively  shown  surface  construc¬ 
tion  material  and  conditioning  to  have  no  effect  on  measured 
parameters;  however,  no  evidence  was  presented  to  indicate 
that  the  presence  of  a  surface  did  not  effect  the  reaction. 

6.2  Disappearance  Rate  of  Methane 

The  overall  disappearance  rate  of  methane  in  the 
post-induction  phase  of  the  oxidation  was  empirically  corre¬ 
lated  using  the  procedures  described  in  Chapter  4  and  employed 
in  Chapter  5.  The  chemical  analysis  and  thermal  analysis 
results  will  be  presented  and  discussed  separately,  and  the 
section  will  be  concluded  with  a  critical  discussion  and 
comparison  of  similar  overall  measurements  of  other  investi¬ 
gators  . 

* 

section  6.2.1 
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6.2.1  Chemical  Analysis  Results 

Experimental  data  from  the  10  cm  diameter  reactor 
duct  was  experimentally  correlated  by  the  functional  relation 

~d[CH43  =  kQV  [CH4]a  [02]b  =  10A  e"E/RT  [CH4]a  [02 J b  6.2 

The  fuel  reaction  order  was  evaluated  from  several 

methane-air  experiments  with  varying  initial  temperatures  and 

f  CH  1 

methane  concentrations.  A  log-log  plot  of  d  4s  versus 

dt 

[CH^] ,  at  constant  temperature  is  presented  in  Figure  6.3, 

and  the  demonstrated  linear  slope  defined  the  fuel  reaction 

order,  a,  as  0.7.  The  fuel  reaction  order  was  observed  to  be 

independent  of  temperature. 

These  same  experiments  were  also  employed  to 

estimate  the  overall  activation  energy,  E,  for  determination 

of  the  oxygen  reaction  order,  b.  Each  methane-air  experiment 

was  treated  separately,  and  Figures  6. 4-6. 6  are  representative 

of  the  semi-log  plots  of  kQV,  determined  from  Equation  6.2 

(a  =0.7,  b  arbitrary)  versus  T  b.  The  overall  activation 

energy  in  the  post-induction  phase  reaction  was  determined 
+ 

as  49  -  2.0  kcal/mole.  E  was  observed  to  be  relatively 
independent  of  the  assumed  oxygen  reaction  order,  b. 

It  should  be  emphasized  that  the  two  reaction  stages 
discussed  earlier  are  clearly  visible  in  Figures  6. 4-6. 6  ind 
that  the  induction  kinetics  do  not  exhibit  the  same  parameter 
dependencies  as  the  post-induction  phase  reaction.  Sufficient 
data  was  not  available  to  evaluate  the  induction  phase 
reaction  orders  and  temperature  dependence,  but  it 
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should  be  noted  that  it  is  feasible  to  study  the  induction 
oxidation  reaction  in  a  manner  similar  to  the  above.  However, 
it  is  interesting  that  expressions  with  reaction  orders  and 
temperature  dependence  similar  to  those  in  Equation  6.1 
fitted  the  available  data  reasonably  well. 

The  methane-air  reaction  data  were  combined  with 

experiments  in  which  initial  oxygen  concentration  was  varied 

between  2  and  20%,  and  the  determined  value  of  a  and  estimate 

of  E  were  used  to  evaluate  the  oxygen  reaction  order.  The 

apparent  overall  activation  energy  determined  from  linear 

least  square  fits  of  data  to  Equation  6.2  (a  =  0.7,  b  arbitrary) 

are  plotted  as  a  function  of  the  assumed  oxygen  reaction  order 
•  "f* 

m  Figure  6.7.  A  value  of  b  =  0.8  -  .1  was  found  to  repro¬ 
duce  the  previous  estimate  of  E. 

All  10  cm  diameter  reactor  duct  data  were  linear 
least  square  fitted  to  Equation  6.2  with  a  =  0.7  and  b  =  0.8 
to  obtain  A  and  E.  The  result  is  displayed  in  Figure  6.3  and 
determined  the  overall  rate  of  methane  disappearance  to  be 
best  represented  by 

=  1013-2±-lSp  (-48,40.oJ_U20o)  [CH  ,0.7  (  0.8 

dt  ^  ^ 

mole  cm  ^  sec  ^  6.3 

Limited  results  of  methane-air  reaction  experiments 
conducted  in  the  5  cm  diameter  reactor  duct  are  presented  in 
Figure  6.9.  The  rate  of  disappearance  of  methane  was  found 
to  be  independent  of  changes  of  surface  to  volume  ratio  over 
the  range  of  study  available  in  the  turbulent  flow  reactor. 
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6.2.2  Thermal  Analysis  Results 


It  was  discussed  earlier  in  the  thesis  that  over 
the  temperature  range  available  in  the  flow  reactor,  the 
methane  oxygen  reaction  does  not  generally  meet  the  necessary 
assumptions  for  application  of  the  thermal  analysis  technique 
It  should  be  recalled  that  the  major  difficulty  was  that  the 
primary  oxidation  of  methane  to  carbon  monoxide  and  the  en¬ 
suing  oxidation  of  carbon  monoxide  occur  simultaneously  to 
an  extent  dependent  on  the  reaction  temperature,  and  this 
situation  is  further  complicated  by  the  induction  period 
reaction.  Essentially,  this  meant  that  no  fixed  stoichio¬ 
metric  relation  of  reactants  going  to  products  (Equation  A-5) 
can  be  developed  to  fit  the  reaction,  and  it  is  evident  from 
the  chemical  results  displayed  in  Figures  6.1  and  6.2  that 
departure  from  a  one-step  reaction  is  most  severe  at  lower 
reaction  temperatures.  If  the  methane  oxidation  was  tenta¬ 
tively  treated  as  a  one-step  reaction, 

CH.  +  20„ - ►  CCL  +  2  H„0  -  192  kcal 

4  1  z  1  mole 

would  be  the  necessary  stoichiometric  relation  (Equation  a-5) 
Reduction  of  thermal  analysis  data  using  this  expression  and 

i 

correlation  techniques  similar  to  those  used  in  the  Section 
6.1.2  resulted  in  the  least  square  fitted  data  displayed  in 
Figure  0  10.  The  determined  overall  reaction  orders  were  the 
same  as  those  found  in  the  chemical  analyses.  However,  the 
resulting  overall  temperature  dependence  was  in  wide  dis¬ 
agreement,  and  the  overall  rate  correlation  produced  average 
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disappearance  rates  of  methane  which  were  significantly  lower 
than  those  measured  chemically.  Thus,  the  crucial  character 
of  the  one-step  kinetic  assumption  is  vividly  pointed  out. 

However,  it  is  interesting  to  note  that  above  1300K, 
chemically  and  thermally  determined  rates  of  disappearance  of 
methane  become  comparable.  This  is  undoubtedly  due  to  the 
relative  acceleration  of  the  carbon  monoxide  oxidation  as 
higher  reaction  temperatures  are  attained,  i.e.,  the  depar¬ 
ture  from  a  pseudo  one-step  oxidation  reaction  is  becoming 
smaller.  Thus,  over  some  temperature  range  above  1300K,  the 
post-induction  phase  methane  oxidation  is  well  approximated 
by  one-step  reaction  kinetics,  and  this  fact  can  greatly 
simplify  application  of  chemical  kinetics  in  practical  design 
situations  requiring  one  to  calculate  the  rate  of  heat 
release . 

6.2.3  Comparison  with  Other  Work 

Available  correlated  results  of  the  methane  disap¬ 
pearance  rate,  including  that  from  this  study,  are  presented 
in  Table  6.3.  To  be  noted  first  is  that  while  the  concentra¬ 
tion  dependences  in  the  works  of  Van  Tigglen,  et.al.  [137], 
Kozlov  [  23  ]  and  Nemeth  and  Sawyer  [146]  are  in  agreement 
among  themselves,  they  are  opposed  to  this  work  and  that  of 
Williams  and  Hottel  [  84  ] .  In  the  light  of  earlier  arguments 
concerning  the  induction  phase  kinetics  of  the  methane  oxida¬ 
tion,  and  their  observed  behavior  in  the  present  work,  the 
contrast  in  orders  may  be  attributed  to  the  relative  impor¬ 
tance  of  induction  phase  and  post  induction  phase  kinetics 
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in  each  of  the  experimental  studies.  Where  induction  phase 
kinetics  played  a  dominant  role  in  the  experimental  observa¬ 
tions,  the  methane  disappearance  rate  was  found  to  be  inhibited 
by  the  presence  of  methane;  where  the  post-induction  phase 
kinetics  were  dominant,  methane  was  observed  to  accelerate 
the  methane  disappearance  rate.  Indeed,  the  changing  methane 
reaction  order  observed  by  Kozlov  [23  ]  {0.65  at  973K,  0.0  at 

1073K,  -0.5  at  1223K,  -0.5  at  1350K)  is  most  likely  a  result 
of  an  increasing  dominance  of  the  induction  phase  kinetics  in 
the  observations  as  the  reaction  temperature  was  increased. 

Kozlov  [23]  derived  the  overall  methane  reaction 
orders  from  observations  of  the  total  methane-air  reaction  time, 
,  at  isothermal  temperature.  7X  is  merely  the  sum  of  the 
induction  time,  ^  ,  and  the  exothermic  reaction  time,  / 

Tr.  =  Ti**  Ten 

But  Q  and  7^  are  inversely  proportional  to  the  average 
rates  of  methane  disappearance  in  the  induction  and  post¬ 
induction  phase  of  the  reaction.  Therefore, 


CqkiStAmt  4.  CaMSTANr 

drcHjI  6 

dt  I  lND  d* 


But,  this  study  concludes 
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while  Seery  and  Bowman  [142]  determined 
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r  n°-5  +EiA/o/RT  r  r0-7  +  ^0* 

Thus,  e  +^oxlCH.J  e 

^(wo'^-OX  /  %.*>%*  .  6. 

At  sufficiently  low  temperatures,  the  first  term  on  the  right 
side  of  Equation  6.4  would  dominate,  and  the  apparent  overall 
methane  reaction  order  would  appear  to  be  near  0.5.  As  the 
overall  methane  order  was  evaluated  at  higher  isothermal 
temperatures,  the  second  term  would  become  more  important, 
and  over  some  range  of  temperature  it  is  possible  that  the 
apparent  overall  methane  reaction  order  would  vary  from  near 
0.5  to  -0.7,  similar  to  the  observations  of  Kozlov  [23]. 

Alternatively,  the  observations  of  Williams  and 
Hottel  [84]  may  have  been  primarily  of  the  post-induction 
kinetics,  the  induction  period  effects  being  minimized  by 
the  fluid  mechanical  mixing  of  their  jet  stirred  reactor. 
However,  agreement  with  this  interpretation  may  be  somewhat 
fortuitous.  Upon  assumption  that 

CH4  +  OH  - }  CH3  +  H20  (17) 

Was  the  primary  mechanism  for  disappearance  of  methane  and 
the  supposed  similarity  of  this  kinetic  situation  to  that 
of  the  carbon  monoxide  oxidation  (see  Chapter  5),  Williams 
and  Hottel  [84]  forced  their  experimental  observations  to 
fit  the  correlation  expression 

~d[CH43  =  k  [CH.]1'0  [H20]b  [02]C  . 

dt  °v  4  z  z 

i.e.,  the  methane  disappearance  rate  was  forced  to  be  first 

order  in  CH^  and  to  depend  on  water.  In  the  present  work, 
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attempts  to  include  a  concentration  dependence  on  water  failed 
to  yield  correlations  which  were  reasonable.  Data  were  signif¬ 
icantly  scattered  and  apparent  overall  activation  energies  were 
unreasonably  large  (  >  100  kcal  mole).  In  light  of  these 
results,  several  methane/air  experiments  in  which  water  was 
added  to  the  initial  reactant  mixture  were  conducted. 

Figure  6.11  shows  that  the  correlated  methane  disappearance 
rate  in  tnese  experiments  was  independent  of  two  orders  of 
magnitude  variation  in  initial  water  concentration.  Thus, 
it  was  conclusively  established  that  the  overall  rate  of  dis¬ 
appearance  of  methane  is  independent  of  the  water  concentra¬ 
tion,  and  that  the  correlation  expression  and  reaction  orders 
assumed  by  Williams  and  Hottel  [84]  are  incorrect.  Thus, 
either  [OH]  is  not  governed  by  a  mechanism  similar  to  that  in 
the  C0(H20)/02  reaction,  or  reactions  other  than  (17f)  are 
important  in  determining  the  overall  rate  of  disappearance  of 
methane.  The  relevance  of  reaction  (17f)  to  this  disappearance 
rate  will  be  discussed  in  a  more  detailed  manner  later. 

6.3  Appearance  Rate  of  Carbon  Dioxide 

It  was  shown  in  Chapter  5  that  the  oxidation  of 
carbon  monoxide  proceeds  primarily  through  the  elementary 
reaction 

CO  +  OH  - 1  C02  +  H  (1) 

Thus,  the  formation  rate  of  C02  and  disappearance  rate  of  CO 
were  synonomous  parameters.  This  conclusion  is  equally  true 
in  the  high  temperature  oxidations  of  hydrocarbons.  Also, 
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since  reaction  (lr)  is  not  of  importance  (except  near 
equilibrium),  the  net  formation  rate  of  C02  in  the  oxidation 
and  the  rate  obtained  from  reaction  (If)  should  be  the  same, 
and  thus, 

d[C°2j  =  -d [C01  =  k,  [CO]  [OH] . 

dt  at  xf 

An  overall  rate  correlation  of  d[C02]/dt  will  depend 
on  how  [OH]  responds  to  the  concentrations  of  other  species 
and  temperature. 

The  rate  of  formation  of  C02  in  the  methane  oxida¬ 
tion  can  be  compared  with  that  in  the  C0(H2O)/O2  reaction 
(Equation  5.5)  by  least  square  fitting  the  reaction  data  to 
the  relation 

-E 

d[C02]  =  10A  e  RT  [CO]1,0  [HO]0,5  [0„]0,25  (5.5) 

dt  *  * 


and  comparing  the  resulting  values  of  A  and  E  (i.e.,  kQv) . 
This  correlation  of  the  C02  production  rate  data  in  the 
methane/oxygen  reaction  is  presented  in  Figure  6.12,  and  the 
linear  least  square  fit  expression  was  found  to  be 


d[C02^  =  lO14*8-4  exPV 

dt 


(-42, 900-2,250" 


RT 


[CO]1-0  [H20]°-5  [o2]0-25 


,  -3  -1 

mole  cm  sec 


(6.6) 

While  the  reaction  orders  were  not  empirically  determined, 
the  small  standard  deviations  of  the  values  of  A  and  E  demon¬ 
strate  that  the  concentration  dependencies  of  Equation  6.5 
fit  the  data  rather  well.  However,  Figure  6.13  shows  that 
the  average  rate  of  C02  production  and  thus  the  calculated 


overall  rate  constant  is  some  3.5  times  smaller  in  the  methane 
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oxidation  than  in  the  C0(H20)/02  reaction.  This  same 
experimental  pnenomena  was  noted  in  the  stirred  reactor 
study  of  Williams  and  Hcttel  [84] . 

If  the  assumption  that  reaction  (If)  accounts  for 
the  net  rate  of  production  of  C02  in  both  reaction  studies 
is  correct,  this  decrease  in  rate  must  be  attributed  to 
lower  available  concentrations  of  [OH]  in  the  methane  oxida¬ 
tion. 

This  lower  average  concentration  of  [OH]  must 
somehow  be  related  to  the  presence  of  methane  or  its  inter¬ 
mediary  oxidation  products.  But  Equation  6.5,  the  formula 
used  to  correlate  the  C02  production  rate,  contained  no  such 
concentration  dependences.  However,  the  neglected  depen¬ 
dences  must  be  small  since  the  scatter  in  this  correlation 
is  not  very  large  (see  Figure  6.12). 

This  point  is  further  substantiated  by  the  results 
of  a  methane-sensitized  CO(H20)/air  reaction.  Small  amounts 
-'f  methane  were  added  to  a  carbon  monoxide  reaction  which 
contained  large  amounts  of  CO,  H20  and  02 .  The  C02  produc¬ 
tion  rate  data  were  correlated  by  expression  6.5,  and  the 
results  are  presented  in  Figure  6.14.  The  numbers  in  paren¬ 
theses  are  the  measured  concentration  of  CH^  at  each  data 
point. 

It  was  observed  that,  as  the  methane  disappeared, 
the  C02  production  rate  increased  from  the  average  value 
found  in  the  methane  oxygen  reaction  (expressed  by  Equation 
6.5)  to  that  found  in  the  C0(H20)/02  (Equation  5.5)  reaction. 
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That  is,  for  a  change  of  methane  concentration  over  two 
orders  of  magnitude,  the  rate  of  CC>2  production  changed  by 
a  factor  of  3.5.  In  fact,  above  a  ratio  of  [CH4]/[C0] 

.10,  the  C02  production  rate  remained  depressed  at  the 
average  rate  found  in  the  methane-oxygen  reaction  study 
and  was  indepenu<=nt  of  CH^  concentration.  Also,  addition 
of  carbon  monoxide  to  reacting  CH^/C>2  mixtures,  while  re¬ 
ducing  the  induction  time  of  the  methane  reaction,  did  not 
change  d[C02]  from  the  expression  found  in  the  methane 
oxidation^alone . 

Another  interesting  observation  in  this  methane- 
sensitized  C0(H20)/ air  reaction  was  that  the  rate  of  disap¬ 
pearance  of  methane  was  considerably  faster  than  that  ob¬ 
served  in  the  methane/oxygen  reaction  experiments. 

Figure  6.15  shows  the  methane  disappearance  rate  correlated 
for  comparison  with  that  in  the  CE^/O^  reaction  (Equation 
6.3).  The  observed  difference  in  rate  is  approximately  a 
factor  of  6.3,  while  the  observed  temperature  dependence  of 
the  rate  is  essentially  unchanged.  These  results  will  be 
:>wn  to  be  of  importance  in  arguments  concerning  the  oxida¬ 
tion  mechanism  of  CH^  to  be  presented  in  the  next  section. 
6.4  Mechanism  of  Methane  Oxidation 

The  principal  feature,  as  far  as  chemical  kinetic 
experiments  are  concerned,  is  the  relation  of  experimental 
observations  to  an  elementary  reaction  mechanism.  In  this 
respect ^the  methane-oxygen  reaction  has  been  thought  to 


LOG,0  (RATE  CONSTANT)  ~  (mole  cm"3)"-5  sec" 
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exhibit  two  distinct  regimes  of  chemical  reaction,  so 
different  in  character,  that  two  basic  reaction  mechanisms 
have  been  proposed  to  describe  them. 

At  low  temperature  (  <800K),  the  methane  oxida¬ 
tion  has  been  observed  to  be  effected  by  surface  material, 
extent,  and  condition  (Egerton,  et.  al.  [151],  Hoare  and 
Walsh  [152]).  Major  products  formed  were  carbon  monoxide, 
water,  and,  depending  on  the  temperature,  some  carbon 
dioxide.  Intermediary  products  of  formaldehyde,  hydrogen 
peroxide,  and  methanol  were  formed,  and  their  concentration 
relative  to  each  other  and  to  methane  were  observed  to  be 
dependent  on  surface  activity. 

Experiments  including  those  of  Burgoyne  and  Hirsch 
[21],  Hoare  and  Walsh  [153]  and  more  recently  Couze,  et.  al. 
[154]  have  shown  drastic  changes  in  the  reaction  character 
as  the  temperature  increased  from  700K  to  900K  and  above. 
Intermediary  formaldehyde  and  hydrogen  peroxide  reach  maxi¬ 
mum  concentrations  relative  to  methane  near  800K  (Meriaux, 
et.  al.  [155]),  and  surface  material  and  activity  become  less 
important.  These  changes  were  observed  to  be  accompanied  by 
varying  concentration  and  temperature  dependences  of  the 
overall  disappearance  rate  of  methane. 

Shtern  [156]  has  summarized  and  discussed  the  "low 
temperature"  experimental  results  and  the  mechanisms  proposed 
to  explain  them.  More  recently,  Franklin  [157]  has  summarized 
the  low  temperature  mechanism  as: 
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CH4  +  02 

-> 

ch3  +  ho2 

(18) 

M  +  CH3  +  02  - 

CH302*  +  M 

(19) 

ch3o2*  - 

— > 

H2C0  +  H 

(20) 

ch3o2*  +  ch4  - 

- 

ch3  +  ch3ooh 

(21) 

CH3OOH  - 

-* 

CH30  +  OH 

(22) 

CH30  +  CH4  — 

CH3OH  +  CH3 

(23) 

CH4  +  oh  - 

CH3  +  H20 

(17) 

R  +  C.H30  — 

CH20  +  RH 

(24) 

o2  +  ch20  - 

HCO  +  H02 

(25) 

HCO  +  02  — 

- > 

ho2  +  CO 

(26) 

HCO  +  OH  - 

-> 

CO  +  H20 

(27) 

H02  +  CH4  — 

-> 

H2°2  +  CH3 

(28) 

H02  +  CH20 

- > 

H202  +  CHO 

(29) 

H02,  HCO  etc. 

— * 

wall 

(30) 

This  is  in  general  agreement  with  the  mechanisms  pro¬ 
posed  by  Semonov  [158],  Enikolopyan  [1 5 9 J  and  Minkoff  and  Tipper 
[160],  except  that  Semonov  0.58]  and  others  also  consider  the 
reaction 

GILO  +  OH  - )  HCO  +  H20  (31) 

to  be  important. 

The  work  of  Westenberg  and  Fristrom  (  2  «  30]  has  been 
most  influential  in  determining  the  presently  accepted  descrip¬ 
tion  of  the  "high  temperature"  reaction.  The  computer  modeled 
mechanisms  of  Chintz  [261],  Seery  and  Bowman  [142]  #  Higgin  and 
Williams  [143]  and  Bowman  [143]  have  all  drawn  from  this  work. 
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The  work  of  Bowman  &48]  represents  the  most  recent  and 
extensively  tested  model  and  his  proposed  mechanism  is  as 
follows : 


CH4  +  M 

CH3  +  H  +  M 

(32) 

CH4  +  OH 

— 

ch3  +  h2o 

(17) 

OH  4  +  0 

CH3  +  OH 

(33) 

CH4  +  H 

CH3  +  H2 

(34) 

ch3  +  o2 

— 

HCO  +  H20 

(35) 

HCO  +  OH 

CO  +  h2o 

(27) 

HCO  +  M 

spas 

H  +  CO  +  M 

(36) 

CO  +  OH 

c°2  +  H 

(1) 

H  +  02 

0  +  OH 

(9) 

0  +  h2 

H  +  OH 

(10) 

0  +  H20 

OH  +  OH 

(13) 

H  +  H20 

H2  +  OH 

(ID 

H  +  OH  + 

M  =3=5? 

H20  +  M 

(12) 

ch3  +  0 

HCO  +  H2 

(37) 

As  clearly  stated  by  Bowman  [148],  while  all  of 
the  reactions  included  in  this  mechanism  were  essential  for 
description  of  his  experimental  results,  the  mechanism  may  be 
incomplete  and  non-unique. 

To  be  noted  immediately  is  the  absence  of  reactions 
involving  h02  or,  if  you  will,  the  complete  dominance  of  the 
H2  “  °2  c^a;*-n  carrying  and  branching  reactions.  Fristrom 
and  Westenberg  [30]  eliminated  HO2  from  the  mechanism  for 
low-pressure  methane-oxygen  flames  by  proposing 


CH4  +  o2 


•>  CH3  +  H02  +  55  kcal 


(18) 
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to  be  the  principal  source  of  [H02] .  This  reaction  was  shown 
to  be  too  slow  to  account  for  even  a  minor  portion  of  the 
observed  methane  disappearance  rate.  However,  at  the  higher 
pressures  of  this  work  and  those  normally  employed  in  combustion 
processes,  the  reaction 

H  +  02  +  M  - - >  H02  +  M  (14) 

occurs  at  a  rate  of  comparable  magnitude  with  the  -  0 2 
branching  reaction 

H  +  02  - )■  OH  +  0  (9) 

★ 

at  least  to  HOOK.  Thus,  in  these  works,  it  would  appear 
that  the  role  of  H02  cannot  be  eliminated  by  claiming  in¬ 
sufficient  sources  of  [H09] . 

furthermore,  it  is  interesting  to  note  that  no 
formation  or  destruction  reactions  of  CH20  explicitly 
appear  in  the  "high  temperature"  mechanism  of  Bowman  [148] . 

Seery  and  Bowman  [142]  claim  that  the  reaction 

CH20  +  OH  - >  HCO  +  H20  (31) 

is  so  fast  above  1400K,  that  CH20  is  extremely  short  lived, 

and  any  reaction  forming  CH20,  in  effect,  forms  HCO  and  H20. 

6.4.1  Relevance  of  Low  and  High  Temperature 
Mechanisms  to  This  Work 

It  is  clear  that  some  compromise  of  the  low  and 
high  temperature  mechanisms  must  be  pertinent  to  the  methane- 
oxygen  reaction  at  the  temperatures  and  pressures  of  interest 

in  this  work  and  in  common  combustion  processes. 

* 

see  Figure  6.21. 
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As  indicated  in  the  previous  paragraphs,  under 
these  conditions,  the  role  of  H02  in  the  reaction  may  be  of 
some  significance.  This  conclusion  is  supported  by  the  de¬ 
tected  presence  of  H202  ^is  work  and  that  of  Pratt  [22]  . 
The  results  of  Chapter  5  suggested 

CO  +  H02  - *  C02  +  OH  -  63  kcal  (4) 

to  be  too  slow  relative  to  reaction  (If)  to  be  important. 
However,  [H02]  may  be  of  some  consequence  to  the  methane  and 
formaldehyde  disappearance  rates  through 

CH4  +  H02  - >  CH3  +  H202  +  12.3  kcal  (28) 

CH20  +  H02  - >  HCO  +  H202  -  12.7  kcal  (29) 

In  view  of  the  endothermicity  of  reaction  (28f),  it  is  not 
likely  to  be  rapid  in  comparison  to  reactions  (17f),  (33f) 

and  (34f )  .  Thus,  the  most  important  role  of  HC>2  may  be 
reaction  (29f)  and  changes  in  the  rate  of  chain  branching  in 
the  mechanism  from  competition  of  reactions  (14f)  and  (9f). 
However,  it  should  be  emphasized  again  that  reaction  (14f) 
is  not  a  chain  terminating  reaction  since  reactions  (6)  -  (8) 
should  be  rapid  at  these  high  temperatures. 

Secondly,  the  detected  presence  of  CH20  necessitates 
the  inclusion  of  reaction  (31)  and  some  mechanism  for  CH 20 
formation.  While  it  is  clear  that  CH20  must  be  a  product  of 
oxidation  of  CH^  radicals,  the  experimental  evidence  of 
Baldwin,  et.  al.  [162,163]  indicates  that  it  does  not  result 
directly  from  the  bimolecular  reaction 
CH3  +  02  - ►  Ii2CO  +  OH 
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as  proposed  by  some  earlier  works  (Minkoff  and  Tipper  [160], 
Hoare  [164]).  Baldwin,  et.  al.  [162,163]  suggest  the  reaction 
proceeds  through 

CH3  +  02  +  M  — *  CH302  +  M  (33) 

with  much  of  the  CH302  decomposing  b  jck  into  CH3  and  0^ . 

The  remaining  fraction  of  CH302  oxidizes  with  some  other  specie 
(or  decomposes)  to  form  CH20 
CH302  - sj r  CH20. 

Thus,  since  the  oxidation  of  CH3  radicals  is  such  a  difficult 
process,  Baldwin,  et.  al.  [162,163]  suggest  that  methyl  radicals 
may  recombine 

CH3  +  CH3 - >  C2H6‘  (39) 

and  a  significant  fraction  may  ultimately  be  destroyed  by 
an  oxidation  route  through  C^H^.  The  present  experimental 
results  support  this  contention  (C2H&  and  were  detected 

species),  and  thus  the  reactions 


C2H6 

+ 

H 

— >  c2h5  +  h2 

(40) 

C2H6 

+ 

OH 

- t  c2h5  +  h20 

(41) 

C2H6 

+ 

0 

— *  C2H5  +  0H 

(42) 

C2H5 

— 

— t 

c2h4  - t  CO 

must  also  be  considered.  However,  none  of  the  arguments  of 
Baldwin,  et.  al.  [162,163]  rule  out  the  possibility  of 

CH3  +  0  - ^  H2CO  +  H  -  67  kcal  (37) 

suggested  by  Fenimore  and  Jones  [1]  and  included  in  the  "high" 
temperature  mechanism  of  Bowman  [148] . 
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Thus  it  is  clear  that  the  complete  reaction 
mechanism  for  the  methane  oxidation  near  1000K  and  atmospheric 
pressure  is  most  complex  and,  at  present,  remains  ambiguous. 
However,  with  the  aid  of  the  present  experimental  results  and 
those  of  other  workers,  several  important  conclusions  can  be 
drawn  concerning  the  reactions  important  to  the  methane  disap¬ 
pearance  rate. 

6.4.2  Some  Observations  on  the  Disappearance 
Mechanism  of  Methane 

The  discussions  in  the  preceding  paragraphs  have 
suggested  the  reactions 


CH4  +  OH 

ch4  +  ho2 

CH4  +  M 

ch4  +  0 

ch4  +  H 


ch3  +  h2o 
ch3  +  h2o2 
ch3  +  h  +  m 

CH3  +  OH 
ch3  +  H2 


compose  the  most  general  mechanism  for  the  depletion  of  methane 
in  the  presence  of  oxygen  near  1000K.  However,  many  studies, 
including  those  of  Pratt  [22],  Williams  and  Hottel  [84],  Hoare 
[169],  and  Fristrom,  et.  al.  [30,166]  have  suggested  [OH]  to 
be  the  primary  reactant  with  methane  in  oxygen  rich  environments 
[reaction  (17f )  ] .  l'n  view  of  a  large  excess  of  oxygen,  it  was 
argued  that  hydrogen  atom  concentration  was  very  low  in  comparison 
with  [OH]  and  [0]  because  of  the  rapidity  of  reactions  (9f)  and 
(14f ) .  Furthermore,  the  works  of  Fenimore  and  Jones  [1]  and 


Wong  and  Potter  [165]  suggested  that,  even  at  flame  temperatures, 
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reaction  (33f)  was  considerably  slower  than  (17f ) .  Thus, 

reaction  (17f)  remained  as  the  primary  mechanism  by  which 

* 

methane  disappeared.  This  assumption,  in  combination  with 
experimental  measurements  of  the  methane  concentration  and 
disappearance  rate  in  high  temperature  reactions,  has  been 
repeatedly  used  to  evaluate  the  specific  rate  constant  for 
reaction  (17f) .  Interpretation  of  these  results  necessarily 
involved  determination  of  the  hydroxyl  radical  concentration, 
and  a  majority  of  studies  have  used  the  rate  of  conversion 
of  CO  to  C02  simultaneously  occurring  in  the  reacting  environ¬ 
ment  for  this  purpose.  Assuming  reaction  (If)  to  be  the  primary 
mechanism  through  which  C02  was  formed, 


[OH] 


1  d[C0?1 

klf[co]  dt 


6.7 


Thus,  providing  all  of  the  above  assumptions  were 
correct,  the  simply  determined  experimental  measurements  of 
the  function 

(Jt  _  <3  [CH4]  _  1  [CO]  1 

dt  [CH4]  d  [ CO 2] 

dtT 


Reactions  (28f)  and  (32f)  were  not  considered  in  the  above 
works.  It  is  clear  that  reaction  (32f),  with  a  specific 
rate  constant  given  by 

-88,000 

1  ,  1n18  RT  3  1  — 1  -1 

^32f  =  i  x  10  e  cm  mole  sec 

will  be  very  slow  in  comparison  to  molecule-radical  reactions. 
Furthermore,  it  may  be  argued  that  the  large  endothermicity 
of  reaction  (28f),  12.4  kcal,  would  suggest  that  this  reaction 
is  also  slow. 


1 
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would  represent  the  ratio  of  the  specific  rate  constants 
for  reactions  (17f)  and  (If),  i.e.. 


6.9 


However,  the  studies  of  Wilson  and  Westenberg 
[115],  and  Dixon-Lewis  and  Williams  [3]  concluded  that  this 
technique  must  be  applied  with  some  reservations.  Both  of 
these  works  combined  experimental  measurements  of  the  func¬ 
tion,  ,  with  independent  measurements  of  k^.^  and  k.^,  at 

* 

room  temperature,  to  determine  the  temperature  dependence 
of  the  ratio  of  k-j^^/k.  j.  The  experimental  data  presented  in 
these  studies  is  summarized  in  Figure  6.16.  It  is  clear  that 
the  measurements  of  f  are  not  collectively  well  represented 
by  the  interpretation 


-E17f  +  Elf 


e 
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Recognizing  this  fact,  Wilson  and  Westenberg  [115]  and  Dixon 
Lewis  and  Williams  [3]  proceeded  to  discard  measurements  of 
^  by  Pratt  [22],  Hoare  [169]  and  Blundell  [170].  Reaction 
(4f ) 

CO  +  H02  - }  C02  +  OH  (4) 

was  assumed  to  contribute  significantly  to  the  formation  of 
C02  in  these  studies,  and  thus  Equation  6.7  was  concluded  to 
be  an  incorrect  method  for  determining  [OH] .  The  remaining 

'fc 

Wilson  [96]  has  concluded  that  the  experimental  techniques 
employed  in  obtaining  these  measurements  permitted  the 
results  to  be  most  precise. 
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experimental  measurements  were  fit  to  Equation  6.10  to  obtain 

k, _  ,  -4500 

~  85  e  RT 

kif 

and  Wilson  and  Westenberg  [115]  employed  the  expression  for 

■k 

kff  obtained  by  Dixon-Lewis,  et.  al.  [114]  to  evaluate 

as  -5000 

i  _  „  .  13  RT  3  ,  — 1  —1 

kj^^  =  2.9  x  10  e  cm  mole  sec 

In  response  to  these  works,  the  primary  importance 

of  [OH]  and  reaction  (17f)  in  oxygen-rich  methane  flames,  the 

assumed  contributions  of  reaction  (4f)  to  the  production  of 

(X>2  at  lower  temperatures,  and  the  suggested  complications 

in  the  measurements  of  Pratt  [22],  Hoare  [169]  and  Blundell 

[170]  have  gained  wide  and  unchallenged  acceptance  (Drysdale 

and  Lloyd  [172],  Wilson  [96],  1970).  However,  the  full 

significance  of  the  recent  measurements  jf  Greiner 

[173]  has  no1-  b°en  recognized.  Using  flash-photolysis- 

kinetic-spectroscopy  techniques,  Greiner  [173]  studied 

reaction  (17f)  over  the  temperature  range  300-500K  to  obtain 

-3772 

,  _  .,,.12  RT  3  .  -1  -1 

k,_,  =  3.32  x  10  e  cm  mole  sec 

17  f 

It  was  evident  that  at  flame  temperatures  this  expression 
predicted  values  of  near^y  an  order  of  magnitude  smaller 

than  those  determined  by  Fristrom  [166] ,  Fenimore  and  Jones 
[1] ,  Wilson,  et.  al.  [167]  and  Dixon-Lewis,  et.  al.  [3],  and 
Wilson  [96]  concluded  that  this  discrepancy  could  not  be 
* 

shown  to  be  erroneous,  see  Section  5.4. 
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attributed  to  experimental  sources  of  error  in  flame  studies 
or  in  the  work  of  Greiner  [173].  Wilson  [96]  suggested  that 
either  the  reaction  does  not  follow  an  Arrhenius  temperature 
dependence,  or  there  are  competing  reactions  which  have  not 
been  properly  accounted  for  in  the  analyses.  However,  it 
was  concluded  that  no  clear  explanation  of  the  disagreement 
was  available. 

That  similar  discrepancies  in  measurements  of 
were  adequately  explained  by  absolute  reaction  rate  theory 
(see  Chapter  5)  suggested  these  methods  might  be  useful  in 
the  description  of  reaction  (17f) .  No  experimental  data  were 
available  to  estimate  the  fundamental  vibration  frequencies 
of  the  CH^CMET  activated  complex?  however  a  characteristic 
frequency,  non-linear  model  was  developed  using  the  proce¬ 
dures  discussed  in  Section  5.4,  i.e., 


k 

1 7f 


C  Q (T)  exp 
17f  17f  p 

/ 


Q  (T) 

1 _  v  v  _ 

-,3/2  OH  CO 
QV(T)  QV(T) 


The  values  of  E°27f  anc^  Cl7f  were  chosen  such  that  the  analytical 
ki7f  fit  tt a  experimental  data  of  Greiner  [173],  and  the  results 
are  presented  in  Figure  6.17.  Comparison  with  the  experimental 
data  summarized  in  Figure  6.16  necessitated  that  an  analytical 


model  also  be  chosen  for  k^.  The  results  of  Figure  6.17  were 
combined  with  the  HONO  model  of  reaction  (If),  E°if  =  (see 


Figure  5.12)  and  the  analytical  ratio,  k^yf/k^, 


was  compared 
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with  the  experimental  results  (see  Figure  6.18).  The  developed 
model  for  the  pre-exponential  temperature  dependence  of 
could  not  explain  the  discrepancy  between  the  data  of  Greiner 
[122,173]  and  flame  temperature  measurements  of  .  In  fact, 
those  data  discarded  by  Wilson  and  Westenberg  [115],  Dixon-Lewis 
and  Williams  [3]  and  Drysdale  and  Lloyd  [172]  were  in  close 
agreement  with  both  the  analytical  model  and  the  low  tempera¬ 
ture  results  of  Greiner  [122,173].  Furthermore,  experimental 
measurements  of  in  the  present  work  (see  Figure  6.19)  con¬ 
clusively  indicated  dependences  on  parameters  other  than  tem¬ 
perature.  These  dependences  could  not  be  explained  by  supposed 

contributions  of  reaction  (4f)  to  the  formation  of  CO  .  It 

2 

should  be  recalled  that  reaction  (14f)  is  one  of  the  primary 
sources  of  [H02]  in  these  experiments.  Thus,  if  reaction  (4f) 
was  important,  should  decrease  with  increasing  concentra¬ 

tions  of  oxygen,  and  this  conclusion  is  in  direct  opposition 
to  experimental  results  displayed  in  Figure  6.19. 

Thus  it  is  suggested  that  reactions  competing  with 
(17f)  may  not  have  been  properly  accounted  for  in  oxygen-rich 
flame  studies.  Investigation  of  this  hypothesis  required 


descriptions  of  k^j  and  k^^  as  functions  of  temperature. 
Fortunately,  Herron  [174]  has  critically  evaluated  k33£,  and 
Kurylo  and  Timmons  [175]  have  recently  used  very  precise 


experimental  techniques  to  evaluate  k^^.  These  evaluations 
and  those  of  k^^  (Greiner  [173]  ,  Wilson  and  Westenberg  [115], 
Drysdale  and  Lloyd  [172])  are  summarized  in  Figure  6.20. 


*'v  ^  ao  / 
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- EXPERIMENTAL  MEASUREMENTS 

GREINER  [122,173] 

-  ANALYTICAL  MODEL 


+.  v 


ki7f 

CH4  +  OH  — T  CH3+H20 
k|f 

CO  +  OH  —  CO  +  OH 

y  =  ^  •  —  .  [co]  •  — 

dt  [ch4]  L  UJ  d[CO?] 


SEE  FIGURE  6.16  FOR  SOURCES 
OF  EXPERIMENTAL  DATA 


TEMPERATURE  DEPENDENCE  OF  kl7f  /k,f 
USING  CHARACTERISTIC  FREQUENCY  MODELS 
FOR  NONUNEAR  ACTIVATED  COMPLEXES 
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If  the  measurements  of  k^f  Greiner  [173]  are 
tentatively  accepted  as  correct,  there  is  convincing  evidence 
that  reaction  ( 3 3 f )  should  not  have  been  neglected  in  oxygen- 
rich  flame  studies.  Fristrom  [166]  suggested  [OH]  and  [0]  to 
be  of  the  same  order  in  the  reaction  zone  of  the  low  pressure, 
fuel-lean,  methane-oxygen  flame  he  studied.  Therefore,  at 
1000-1400K,  reactions  ( 3 3 f )  and  (17f)  would  have  competed  on 
an  equal  basis  for  methane,  and  the  disappearance  rate  which 
he  ascribed  entirely  to  reaction  (17f)  would  be  too  large. 

In  the  study  of  Dixon-Lewis  and  Williams  [3]  at  atmospheric 
pressure,  the  ratio  of  [0]/[0H]  was  estimated  by  the  balanced 
reaction 


0  +  h2o 


=*•  OH  +  OH  (13) 

to  be  approximately  1/7.  However,  at  the  observed  flame 


temperature  of  1600K,  &  2  k^^,  and  thus  again  reac¬ 

tions  (1 7 f )  and  ( 33 f )  must  have  competed  for  methane.  Wilson, 
et.  al.  [167]  give  no  estimate  for  [0]/[0H],  but  they  assumed 
without  further  justification  that  reaction  (17f)  was  the  only 
reaction  that  consumed  methane  in  oxygen-rich  flames. 

Finally,  it  should  be  recalled  that  the  flame  studies 
of  Fenimore  and  Jones  [1]  was  one  of  the  first  works  to  conclude 
reaction  (33f)  to  be  unimportant  in  oxygen-rich  methane  flames. 
At  the  point  of  the  maximum  disappearance  rate  of  methane 
(1600K),  it  was  concluded  that 


JL2L. 

[OH] 


kZ  2 


iiLL 

[OH] 


o.  l 
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Thus,  while  it  is  clear  that  reaction  (34f)  is  unimportant, 
reaction  ( 3 3 f )  must  be  responsible  for  more  than  half  of  the 
observed  rate  of  consumption  of  methane.  Furthermore,  in  fuel- 
rich,  methane-oxygen  flames,  Fenimore  and  Jones  [1]  determined 


I0]_ 

[OH] 


5 


iiil_ 

[OH] 


5 


at  the  point  of  the  maximum  rate  of  disappearance  of  methane 
(1200-1400K) .  Therefore,  while  (17f)  may  be  neglected, 
reactions  ( 3 3 f )  and  (34f)  are  of  equal  importance  in  fuel- 
rich  flames.  Thus,  reaction  (33f)  must  be  considered  impor¬ 
tant  in  all  flame  studies  of  methane  and  oxygen.  In  light 
of  this  conclusion,  there  is  no  doubt  that  the  evaluations  of 
by  Drysdale  and  Lloyd  [172],  Wilson  and  Westenberg  [115] 
and  Dixon-Lewis  and  Williams  [3]  are  incorrect.  Each  evalua¬ 
tion  considered  reaction  (1 7 f )  to  be  the  primary  disappearance 
mechanism  for  methane  in  oxygen-rich  flames  .  This  assump¬ 
tion  is  clearly  invalid,  and  it  explains  to  a  large  degree  the 
disagreement  in  the  values  of  predicted  by  Wilson  and 

Westenberg  [115],  Dixon-Lewis  and  Williams  [3]  and  Greiner 
[173]  at  high  temperatures.  Furthermore,  the  hypothesis  that 
reaction  (17f)  and  ( 3 3 f )  are  of  equal  importance  to  the  destruc¬ 
tion  of  methane  in  oxygen-rich  reactions  qualitatively  explains 
some  of  the  experimental  observations  in  the  present  flow 
reactor  studies. 

It  will  be  remembered  that  the  overall  disappearance 
rate  of  methane  was  found  to  be  relatively  independent  of 
water  concentration  (Section  6.2).  With  the  aid  of  evaluated 
rate  constants  pertinent  to  describing  the  interdependence 


of  [0],  [OH],  and  [H]  on  other  species  (Figure  6.21),  this 

fact  is  now  understandable.  It  is  clear  that  water  will 
adjust  the  concentrations  of  [0],  [OH],  and  [H]  through 

reactions  (Ilf)  and  (13 f ) .  Since  the  assumption  that  [H]<£<[0] 
in  oxygen  rich  reactions  of  methane  was  shown  to  be  true 
(see  Page  227  )  by  Fenimore  and  Jones  [1] ,  reaction  (13f )  will 
prevail.  However,  in  Chapter  5,  it  was  shown  that  re  .ction 

•k 

(13f)  may  be  considered  balanced  in  high  temperature  reac¬ 
tions.  Thus, 

f  01  __  k13r  1 

[OH]  ~  k13f  [H20]  ' 

and  [OH]  will  be  increased  primarily  at  the  expense  of  oxygen 
atoms.  The  destruction  of  an  oxygen  atom  by  reaction  (13f) 
leads  to  two  hydroxyl  radicals  which  may  attack  methane  by 
reaction  (17f).  However,  an  oxygen  atom  attacking  methane 
directly  by  reaction  (33f)  creates  a  single  hydroxyl  radical 
which  can  attack  a  second  molecule  of  methane  by  reaction  (17f ) . 
Thus,  the  same  number  of  molecules  of  methane  are  attacked 
whether  an  oxygen  atom  proceeds  to  react  with  water  or  directly 
with  methane,  and  the  disappearance  rate  of  methane  is  inde¬ 
pendent  of  the  concentration  of  water. 

However,  explanation  of  the  magnitude  and  variation 
of  Sr^with  experimental  parameters  (Figure  6.19)  requires 
additional  consideration  of  a  reverse  reaction  to  reform 
methane.  That  is,  if  only  reactions  (17f),  (33f)  and  (If) 

were  of  primary  importance  in  the  methane  oxidation  experiments, 
* 

See  Page  152. 
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d [CH4]  [COT  .  1  =  d7  _  k17f  k33f  [01  \  k17f 

dt  [ch4]  d[co2]  "  5  ~  klf  klf  [OH]//klf 


dt 

However,  it  is  clear  that  at  high  temperatures  and  low  initial 
concentrations  of  oxygen,  the  experimental  measurements  of 
(Figure  6.19)  were  at  least  an  order  of  magnitude  smaller  than 
k17f/klf  measure<a  by  Greiner  [122,173].  It  will  be  remembered 
that  reaction  (14f)  is  one  of  the  primary  sources  of  [H02], 
and  at  1200K  this  reaction  is  not  competitive  with  reaction  (lOf) 
Thus,  reaction  (4f)  and  an  associated  increase  in  rate  of  forma¬ 
tion  of  C02  cannot  be  responsible  for  the  low  value  of  )/?  . 
Furthermore,  a  reverse  reaction  which  lowers  the  net  disappear¬ 
ance  rate  of  methane  is  also  supported  by  the  observed  frac¬ 
tional  methane  reaction  order  in  the  overall  rate  of  expression 
of  Equation  6. 

Reaction  (17r)  must  be  considered  unlikely  because 
of  the  large  activation  energy  it  must  possess,  and  reaction 
(33r)  is  not  likely  because  of  the  very  low  concentrations  of 
the  reactants,  [CH^]  and  [OH],  In  light  of  the  observed  con¬ 
centrations  of  [H2]  and  [CH^],  Baldwin,  et.  al.  [162]  have 
suggested  that  reaction  (34r)  may  be  important.  If  the  con¬ 
tribution  of  reaction  (34r)  is  added  to  Equation  6.11, 


</-  k17f  k33f  [0]  k34r  ^CH3^  ^H2^ 

klf  klf  [0H]  ~  klf  [CH4]  t0H] 


6.12 


Walker  [168]  has  evaluated  k24r  as 


io  3  _1 

k34r  =  3-3  x  10  e  RT  cm  mole  sec 


11 
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Thus  around  1200K,  ^24r^lf  or<^er  of  5  x  10  \  The 

concentration  of  methyl  radicals  may  be  estimated  from  (39) 

CH3  +  CH3  - *  C2H6  (39) 

•k 

and  the  experimental  measured  rate  of  appearance  of  ethane. 

Baldwin  [163]  has  estimated  ^2Sf'  as 

1  c  c  1 rtl8  m-2  3  t  -1  —1 

k3^j  =  5.5  x  10  T  cm  mole  sec  , 

and  thus,  in  the  experiments  near  1200K,  [CH3]/[CH^]  was  about 

_2 

10  .  Furthermore,  [f^J/fOH]  was  estimated  to  be  no  less  than 

2 

10  ,  and  therefore  the  last  term  in  Equation  6.12  is  of  the 
right  order  of  magnitude  to  explain  the  observed  discrepancy 
between  ^  and  . 

It  should  be  emphasized  that  additional  considera¬ 
tion  of  reaction  (34r)  is  not  relevant  to  earlier  arguments 
concerning  lack  of  dependence  of  the  rate  on  water  concentra¬ 
tion.  That  reaction  (33 f )  must  also  be  important  to  the  mecha¬ 
nism  is  indicated  by  the  fact  that  exceeded  kj7f/ k^f  in  the 
methane-sensitized  carbon-monoxide  studies  reported  in  Figures 
6.14  and  6.15. 

Indeed,  Equation  6.12  would  appear  to  qualitatively 
explain  all  of  the  experimental  observations  summarized  in 
Figure  6.19.  While  the  necessary  variations  in  [0]/[0H], 

[CH3 ] / [CH^] ,  and  [I^J/tOH]  appear  reasonable,  only  quantitative 
measurements  of  these  ratios  would  permit  one  to  emphatically 
state  that  reactions  in  addition  to  those  considered  in 
Equation  6.19  do  not  contribute  substantially  to  the  observed 

"k  * 

This  will  give  a  lower  limit  to  the  concentration  of  methyl 
radicals,  since  the  experimental  measurement  is  the  net  rate 
of  appearance  of  ethane. 
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rates  of  disappearance  of  methane  and  appearance  of  carbon 
dioxide  in  the  high  temperature,  oxygen  rich,  methane  oxida¬ 
tion. 


the 


In 

function, 


summary, 
/,  ' 


the  present  experimental  work  has  shown 


d[CH4J 

dt 


[C01  1  .  k17f 

[ch4]  d[co2]  *  klf 

dt 


to  depend  on  several  experimental  parameters,  including 
temperature,  and  it  was  concluded  that  consideration  of  con¬ 
tributions  of  reaction  (4f)  to  the  appearance  rate  of  carbon 
dioxide  could  not  explain  these  dependences.  In  the  liyht  of 
recent  absolute  measurements  of  k^.^,  and  k^^,  it  was 

shown  that  reaction  (17f)  is  not  the  primary  disappearance 
mechanism  of  methane  in  oxygen-rich  methane  flames,  and  therefore 
evaluations  of  which  depend  upon  this  assumption  (Wilson 

and  Westenberg  [115],  Dixon-Lewis  and  Williams  [3],  Drysdale 
and  Lloyd  [172])  are  incorrect.  Thus,  their  disagreement  with 
the  measurements  of  k^7£  by  Greiner  [173]  are  to  a  large  extent 
resolved. 


Furthermore,  it  was  shown  that  the  reactions  (17f), 
(33f),  (34r)  and  (If)  qualitatively  explain  the  present  experi¬ 

mental  measurements  o'  the  function,  $  ,  and  the  overall  dis¬ 
appearance  rate  of  methane,  and  thus  Equation  6.3  implicitly 
includes  complex  dependences  of  several  radical  concentrations 
on  other  experimental  parameters. 
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CHAPTER  7  -  SUMMARY 

The  long  range  objective  of  this  work  was  to  develop 
experimental  techniques  for  the  study  of  chemical  kinetics  of 
hydrocarbon  oxidations  at  high  temperature.  While  the  turbu¬ 
lent  flow  reactor  has  been  demonstrated  to  be  a  very  useful 
tool  in  the  study  of  high  temperature  reactions,  cursory 
oxidation  experiments  with  hydrocarbons  showed  that  the  pre¬ 
viously  developed  experimental  technique  (the  thermal  analysis 
method)  generally  provides  insufficient  information  to  charac¬ 
terize  hydrocarbon  oxidation  kinetics.  Supplementary  spatial 
chemical  information  was  required,  and  chemical  sampling  and 
analysis  methods  for  procuring  this  information  were  developed. 

Gas  chromatography  was  chosen  as  the  primary  analysis 
tool,  and  thus  design  of  suitable  sample  storage  and  transfer 
facilities  was  necessary.  While  continuous,  on-line  analysis 
procedures  may  have  been  more  advantageous  in  the  simple 
kinetic  studies  undertaken  in  this  work,  these  methods  would 
not  be  adequate  to  meet  the  long  range  objective  of  studying 
higher  hydrocarbon  oxidations.  Sample  storage  and  transfer 
systems  were  constructed,  and  a  gas  chromatographic  analysis 
system  was  developed  with  this  long  range  objective  in  mind. 
Using  cryogenic  temperature  programming,  a  separation  tech¬ 
nique  was  developed  to  perform  analysis  for  all  of  the  reac¬ 
tants  and  intermediary  and  final  products  (except  H20)  which 
might  occur  in  oxidation  of  the  paraffin  hydrocarbon  series 
through  propane. 
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Application  of  the  experimental  instrumentation 
and  techniques  was  successfully  demonstrated  through  kinetic 
studies  of  the  oxidations  of  carbon  monoxide  and  methane  in 
the  turbulent  flow  reactor. 

The  carbon-monoxide-oxygen  reaction  in  the  pre¬ 
sence  of  water  was  studied  at  atmospheric  pressure  over  the 
range  1030-1230K,  the  equivalence  ratio  .04-. 3,  and  over 
water  concentration  of  0.1%-2.0%.  These  experiments  pro¬ 
vided  results  for  comparison  with  studies  of  other  investi¬ 
gators,  as  well  as  a  unique  opportunity  to  evaluate  the 
relative  precision  of  the  thermal  technique  and  absolute 
chemical  measurements  in  the  same  apparatus.  A  method  to 
correlate  experimental  overall  chemical  rates  was  developed 
and  demonstrated  by  its  application  to  the  chemical  analysis 
measurements.  The  overall  disappearance  rate  of  carbon 
monoxide  was  experimentally  shown  to  be  described  by 


■d  r COl 

14. 6-. 25 
=  10  exp 

1-40,  000  -  125o] 

1  [CO]1*0 

[h20]°*5[02]° 

dt 

** 

i  -3  -1 

mole  cm  sec 

(7.1) 

and  it  was  demonstrated  that  this  expression  represented  both 
chemical  rnd  thermal  measurements  equally  well.  Thus,  it  was 
concluded  that  when  the  assumptions  described  in  Appendix  A 
are  met  by  the  studied  chemical  reaction,  the  thermal  technique 
offers  a  simple  and  precise  method  of  determining  overall  rate 
parameters . 

The  correlation  results  (Equation  7.1)  were  compared 
with  other  available  data  on  the  overall  rate  of  disappearance 
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of  carbon  monoxide  in  hydrocarbon  flames  and  in  the  C0(H20)/C>2 
reaction.  It  was  found  that  Equation  7.1  represented  results 
of  other  investigations  of  the  C0(Ho0)/0>  reaction  within  a 
factor  of  five  over  the  entire  temperature  range,  970  -  1800K 
(see  Figure  5.7),  and  the  same  could  not  be  said  for  extrapola¬ 
tion  of  experimental  results  of  these  other  investigations  to 
experimental  conditions  outside  their  respective  ranges  of 
study.  Furthermore,  it  was  re-emphasized  that  there  is  an 
essential  difference  in  overall  measurements  of  carbon  dioxide 
production  in  hydrocarbon  flames  and  in  the  C0(H2O)/O2  reac¬ 
tion.  Assuming  that  the  reaction 

CO  +  OH  - »  C02  +  H  (1) 

is  the  primary  mechanism  through  which  carbon  monoxide  disap¬ 
pears  and  carbon  dioxide  is  formed,  it  was  concluded  that 
available  hydroxyl  radical  concentrations  in  the  C0(H20)/02 
reactions  exceed  those  in  hydrocarbon  flame  afterburning  zones. 

Furthermore,  on  the  above  premise,  it  was  shown  that  [OH] 

* 

exceeds  [OH]  by  a  factor  of  10  -  100  in  all  studies  of  the 
eq 

carbon  monoxide  oxidation. 

Alleged  discrepancy  in  high  and  low  temperature 
measurements  of  and  other  evidence  which  supports  that 
the  reaction 

CO  +  H02 - f  C02  +  OH  (4) 

may  compete  with  reaction  (1)  were  reviewed  and  investigated. 

It  was  shown  that  upon  present  estimates  o  f  k4f/kif'  the 
ratio  [H02 ] / [OH]  would  have  to  be  unexpectedly  high  for 
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reaction  (4)  to  be  important.  Furthermore,  it  was_.,&fc6wn 
that  all  of  the  measurements  of  k^  coulckj^e  simply  explained 
by  absolute  reaction  rate  theory.  While  the  true  activation 
energy  of  reaction  (1)  was  concluded  to  be  near  zero,  the 
temperature  dependence  of  klf  was  shown  tc  be  significant 
at  high  temperatures  because  of  pre-exponential  effects. 

Thus,  on  re-interpretation  of  available  evidence, 
reaction  (4)  is  not  likely  to  be  important  to  the  formation 
of  carbon  dioxide.  However,  the  hydro-peroxy  radical  may  be 
relevant  to  the  high  temperature  carbon  monoxide  oxidation  in 


indirect 

fashion. 

The  reactions 

H 

+  o  _ 

OH  +  0 

(9) 

2 

H 

+  02  +  M 

— >-H02  +  M 

(14) 

are  of  equal  importance  at  atmospheric  pressure  near  1000K, 
and  thus  reaction  (14)  and  other  reactions  of  [HC>2]  may  be 
important  to  chain  branching  in  the  mechanism. 

The  reaction  of  methane  and  oxygen  was  studied  at 
atmospheric  pressure  over  the  temperature  range  110C-1400K 
and  the  equivalence  ratio  range  .05-0.5.  The  presence  of  two 
well  defined  reaction  stages  (induction  phase  and  post-induction 
phase)  was  confirmed,  and  the  disappearance  rate  of  methane 
was  shown  to  exhibit  contrasting  kinetic  properties  in  the  two 
stages . 

While  no  quantitative  study  of  the  induction  reaction 
was  attempted,  the  methane  reaction  rate  was  qua!  ita-tively 
found  to  be  inhibited  by  the  presence  of  methane  and  accelerated 


The  methane  oxidation  rate  was  shown  to  be  independent  of 
surface  to  volume  ratio  of  the  reactor  and  of  watei  concentra¬ 
tion. 

The  carbon  dioxide  production  rate  in  the  post¬ 
induction  phase  reaction  was  interpreted  as  the  rate  of  oxida¬ 
tion  of  carbon  monoxide,  and  it  was  found  that  this  rate  was 
expressed  by 

f-43000-2200~) 

d  1C02)  =  10M. 75-0.40  exp  [  ™  J  [co]1.0[  jO.Sj  0.25 

dt 

3  -i 

mole  cm*  sec  7.3 


This  correlation  represents  rates  of  carbon  dioxide  formation 
3.5  times  slower  than  those  occurring  in  the  independent  study 
of  the  moist  carbon  monoxide  oxidation,  and  this  slower  rate 
was  attributed  to  a  lower  available  concentration  of  hydroxyl 
radicals  in  the  methane  oxidation.  Other  experiments  showed 
that  the  lower  hydroxyl  radical  concentration  was  due  to 
competing  reactions  of  methane  (or  its  intermediary  oxidation 
products)  for  hydroxyl  radicals. 
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Relation  of  experimental  observations  to  a  proposed 
elementary  reaction  mechanism  were  discussed.  It  was  shown 
that  the  function,  )P , 

<J?  —  d[CH4'1  1  [CO]  1 

6  dt  [CH4J  d[C02] 

dt” 

was  dependent  on  experimental  parameters  other  than  temperature, 
and  thus  does  not  represent  the  measurement  of  the  ratio 
ki?f/kif.  It  was  concluded  that  dependence  of  ^ on  the 
equivalence  ratio  and  oxygen  concentration  could  not  be  ex¬ 
plained  by  contributions  of  reaction  (4);  thus,  other  alleged 
evidence  supporting  this  reaction  was  refuted. 

Reactions  in  addition  to  (1 7 f )  which  could  contri¬ 
bute  to  the  methane  disappearance  rate  were  reviewed,  and  it 
was  conclusively  shown  that  in  light  of  the  recent  experi¬ 
mental  measurements  of  Greiner  [173j,  the  reaction 

CH4  +  0  - >  CH3  +  OH  (33) 

cannot  be  neglected  in  lean-methane  oxygen  flames.  Thus,  the 
evaluations  of  k^7f  which  have  attributed  all  of  the  methane 
disappearance  rate  in  these  flumes  to  (17f)  are  incorrect. 
Furthermore,  the  measurements  of  Fenimore  and  Jones  [1]  were 
shown  to  suggest  that  reaction  (33 f)  is  as  important  as 

CH4  +  H  - j  CH3  +  H2  (34) 

in  rich  methane-oxygen  flames. 

While  the  present  experimental  measurements  support 
that  reaction  ( 3 3 f )  cannot  be  neglected  in  lean  methane  oxygen 
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studies  near  1200K,  it  was  shown  that  reaction  (34r)  is  also 
important  in  determining  the  net  disappearance  rate  of  methane. 
Furthermore,  it  was  shown  that  if  reactions  (17f),  ( 3 3 f )  and 

(34r)  all  contribute  to  the  overall  oxidation  rate,  the  rate 
is  relatively  independent  of  water  concentration,  as  was  ex¬ 
perimentally  observed. 

Reactions  of  the  methyl  radicals  produced  in  the 
oxidation  of  methane  were  concluded  to  be  a  relatively  diffi¬ 
cult  process.  Detection  of  intermediary  concentrations  of 
ethane  and  ethylene  suggested  high  concentrations  of  methyl 
radicals  to  be  present,  and  in  light  of  the  low  concentrations 
of  formaldehyde,  it  was  concluded  chat  a  significant  portion  of 
methyl  radicals  may  be  oxidized  through  formation  of  ethane. 

Hydrogen  peroxide  was  also  detected  as  a  low  con¬ 
centration  intermediary,  and  this  suggested  that  hydroperoxy 
radicals  may  also  be  present.  However,  it  should  be  re-empha¬ 
sized  that  there  was  no  evidence  supporting  the  importance  of 
reaction  (4). 

In  conclusion,  the  utility  of  spatial  chemical 
sampling  and  gas  chromatographic  analysis  techniques  in  the 
study  of  hydrocarbon  oxidations  in  a  turbulent  flow  reactor 
has  been  clearly  demonstrated,  and  it  has  been  shown  that  these 
techniques  can  provide  quantitative  and  qualitative  information 
helpful  to  kinetic  modeling  and  engineering  design.  While  the 
present  experimental  results  are  not  directly  applicable  to 
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the  quasi-global  modeling  techniques  proposed  for  higher 
hydrocarbon  oxidations  [177,178],  they  provide  the  substan¬ 
tial  base  necessary  for  higher  hydrocarbon  studies  which 
will  be  of  more  direct  importance. 
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APPENDIX  A 


Thermal  Analysis  Technique 

This  appendix  will  present  a  simple  development 
of  the  thermal  analysis  equations  for  reactions  occurring 
in  the  turbulent  flow  reactor. 

Consider  a  one-dimensional  flow  of  a  reacting 
ideal  gas  mixture  through  a  cylinderical  tube  of  cross- 
sectional  area  A.  Let  the  wall  of  the  tube  be  adiabatic, 

(i.e.,  it  prevents  energy  exchange  with  the  surrounding  en¬ 
vironment),  and  let  the  physical  properties,  Cp,  D  and  T  be 
constant  and  the  same  for  all  species  in  the  reacting  flow. 

The  equations  of  conservation  (in  differential  form)  for 
energy  and  any  of  the  reacting  species,  A  ,  can  be  derived 
using  the  differential  volume  of  Figure  A-l. 

Convective  Term  Diffusive  Term  Source/Sink 

A-l  energy  ^Cp  <OT  -'X  Ad?T  -  d_ft-  A  -  o 

d*  cLX*-  dt 


A-2~  species 


/vv\  d 

d* 


-  d  .  A  -  O 

d-t 


and  j  represent  the  time  gradient  of  energy  release  and 
species  Aj  per  unit  volume  due  to  chemical  reaction.  If  the 
gradients  of  energy  and  species  are  sufficiently  small  for  the 
diffusive  terms  to  be  neglected,  Eqns.  A-l  and  A-2  can  be 
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DIFFUSION  COEFFICIENT 


m  gm  sec-1 
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p  gm  cm-3 
T  °K 
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D  cm2  sec"1 


DERIVATION  OF  CONSERVATION  EQUATIONS 


FIGURE  A- 


Si"Z-b  n  £ijr ■ 


combined  in  differential  form  to  give 


j  o,  *  _J _ ^ 

dt  d  ai 
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Equantion  A-3  may  be  integrated  over  the  boundary  conditions 
of  Fig.  A-l. 
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can  be  easily  envisioned  as 


functions  of 


(to 


,  such  functions  will  be  dependent  upon 


the  kinetic  mechanism  of  the  reaction  which  is  liberating  heat 
and  creating  (or  destroying)  the  G.’^  and  are,  in  general, 
unknown . 

However,  if  we  assume  that  for  the  region  Xo£ 
the  occurring  chemical  reaction  adheres  to  a  fixed  stoichio¬ 
metric  relation, 

N 

oLt  *P  £ 


A  i  +clA  ^ 


i=3 
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where  are  reactants,  and  Pi  are  fixed  products 

Ul ,  isOrt,  i  .  .  ..  are  constants),  the  energy  release  per 
unit  time  will  be  related  to  the  rate  of  disappearance  of  A^ 
or  A2  by  a  constant,  the  heat  of  reaction  per  mole  disappearance 


of  A^  or  A2  by  a  constant,  the  heat  of  reaction  per  mole 
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disappearance  of  A^  or  A2  (  Q]  )•  Then  Eqn.  A-4  can  be 

3 

integrated,  and  expressing  densities  in  (moles/ cm  )  and  in 
(kcal/mole°K) ,  one  obtains 

[  A)1  =>  _  C  Aj  ]  fy  _  ^ 

[r?To  m]Qj'Cp(  )k'6 

Further,  if  we  choose  [A^ ]  to  represent  the  reactant 
(A  or  B)  not  in  excess  (of  the  stoichiometric  value),  and 
assume  that  at  T-Tf,  [A,]  has  disappeared,  then 

For  a  perfect  gas  and  a  constant  pressure  flow, 

Id  = 

Len  T 

substitution  of  A8  and  differentiation  of  A-7  with  respect 
to  time  to  give, 

ci  r  a i __  [A\']o  tq T-f _  d nr 

~TT  ~  T2  (Tf-To)  J  -t 

d 

Since  m  a  steady,  one  dimensional  flow  is 


6  _  a. 


dt  /-t 


V  _i 


dj.  y 

dt  T2 (Tf-To)  dTC 


A-5 


Thus  using  Eqns .  A-5,  A- 7  and  A-9,  the  concentrations  and 
rate  of  appeararce  and  disappearance  of  all  P^  and  A^  as 
functions  of  -X  can  be  developed.  These  concentrations  and 
rates  are  employable  in  the  usual  manner  in  the  expressions 
for  empirical  overall  rate  correlations: 

di  i  =3 

,  A-10 

M0v=  ioAe'E^T 

where  Jcov,  n^,  i  =  0,  l....n  must  be  experimentally  deter¬ 
mined. 

Summarizing  the  assumptions  necessary  to  develop 
Equations  A-7,  A-9  and  apply  A-10  are: 

A  -  I)  one  dimensional,  steady  flow 
A  -  II)  adiabatic  tube  wall 

A- III )  ideal  gas  (i.e.,  P  =  £ RT  and  Cp  =  constant) 

A  -  IV)  constant  pressure 

A  -  V)  longitudinal  diffusion  effects  of  energy  or  species 
are  negligible  in  comparison  to  convection  effects 
energy  release  and  reactant  disappearance  are  pro¬ 
portional  (Eqn.  A-5). 


A  -  VI) 
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APPENDIX  B 


Summary  of  Chemical  Analysis  Data  Reduction  Methods 

Because  of  the  quantity  of  data  and  character  of 
the  necessary  calculations,  computer  reduction  techniques 
were  mandatory.  A  computer  program  was  written  in  Fortran  IV 
for  an  IBM  360/91  computing  system  to  calculate  temperature, 
chemical  concentration  and  concentration-time  gradient  pro¬ 
files  as  functions  of  distance  from  the  fuel  injection  point 
through  the  turbulent  flow  reactor. 

Inputs  to  the  program  include: 

(i)  flow  parameters  and  orifice  calibrations  for 
calculating  carrier  and  reactant  flow  rates 

(ii)  positions  at  which  the  reaction  was  sampled 
for  chemical  composition  and  temperature 

(iii)  gas  chromatograph  analysis  system  set-up  con¬ 
ditions  and  calibration  information  reaction 

(iv)  temperature  and  gas  chromatograph  analysis  re¬ 
sults  (peak  areas  and  retention  times)  for 
each  sampled  position  in  the  flow  reactor 
Output  of  the  data  reduction  program  included 
listing  of: 

(i)  flow  and  orifice  parameter  input  and  calculated 
initial  concentration  of  reactants 

(ii)  the  position,  temperature  and  carrier  velocity 
at  each  sampled  location  in  the  flow  reactor. 

(iii)  the  mole  percent  of  each  specie  and  its  gradient 
(Wi.th  time)  at  each  sampled  location  in  the  flow 
reactor. 
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The  program  also  produces  punched  card  output  of 

_3 

the  position,  temperature,  concentration  (mole  cm  )  and 

-3  -1 

concentration  time  gradient  (mole  zm  sec  )  at  each  sampled 
location  in  the  flow  reactor.  This  punched  output  was  used 
in  other  simple  linear  least  square  computer  program  s  to  ob¬ 
tain  the  overall  rate  correlation  expressions  and  other  re¬ 
sults  . 

Bl  Calculation  Procedures 

While  a  source  listing  of  the  program  is  considered 

too  lengthy  for  reproduction  here,  it  is  worthwhile  to  describe 
some  of  tl.e  more  important  features  of  the  calculational  tech¬ 
niques  that  are  employed. 

Bl.l  Flow  Rate  Calculations 

Flow  rate  calculations  for  the  carrier  gas  and 
oxygen  require  input  of  the  supply  pressure,  supply  tempera¬ 
ture,  molecular  weight  of  the  gas  and  calibration  information 
for  the  employed  critical  orifices.  Calculation  of  fuel  flow 
rate  requires  input  of  the  fuel  supply  pressure,  supply  tem¬ 
perature,  pressure  drop  across  the  non-critical  orifice,  fuel 
molecular  weight  and  calibration  information  for  the  employed 
orifice . 

From  these  data,  mass  and  molar  flow  rates  and 
initial  mole  fractions  of  each  reactant  specie  are  calculated. 
The  flow  through  the  reactor  is  assumed  to  be  one  dimensional, 
and  the  flow  velocity  at  each  longitudinal  position  is  calcu¬ 
lated  using  the  assumptions: 

(i)  constant  pressure  reaction  zone  (1  atmosphere) 

(ii)  no  Rayleigh  or  Fanno  effects  (Mach  No  1  ) 
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(i.ii)  ideal  gas 

(iv)  fluid  properties  are  those  of  the  inert  carrier 
gas 

B1.2  Reduction  of  Gas  Chromatograph  Chemical 
Analysis  Data 

The  identity  and  mole  percent  of  every  diluted 
chemical  constituent  of  an  analyzed  sample  are  calculated 
by  comparison  with  calibration  input  data.  Chemical  identi¬ 
fication  is  obtained  by  matching  the  retention  time  (or 
assigned  peak  number)  of  an  unknown  specie  to  that  of  a 
known  calibration  compound.  Concentration  is  calculated 
from  responses  of  the  GC  instrument  to  known  concentrations 
of  the  identified  compound.  The  computer  program  is  capable 
of  identifying  and  evaluating  up  to  fourteen  chemical  con¬ 
stituents  in  a  particular  sample,  and  a  listing  of  these 
data,  together  with  input  temperature  and  distance  values, 
are  produced. 

B1.3  Calculation  of  Reaction  Parameter  Profiles 

The  gradient  of  specie  concentrations  with  time  at 
each  sampled  position  are  obtained  by  applying  the  equation 

d  [A]  _  d[A]  , 

dt  "  ~dx~  v  B_1 

This  required  that  carrier  flow  velocity,  v,  and  gradient 
of  specie  concentration  with  distance  be  obtained  at  each 
sampled  position.  While  the  flow  velocity  can  be  obtained 
directly  from  the  incremental  measurements  of  the  reaction 
temperature  (see  Section  Bl.l),  the  incremental  data  for 
the  specie  concentrations  versus  distance  must  be  approxi- 
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mated  by  analytical  functions  to  obtain  derivatives  with 
distance. 

The  original  incremental  data  are  smoothed  using 
a  five  point  second  order  smoothing  routine  (IBM  Scientific 
Subroutine  Number  DSE35) ,  and  the  smoothed  data  are  used  to 
calculate  oxygen  and  water  concentration  profiles  using  the 
initial  concentrations  of  reactants  and  conservation  equations 
for  hydrogen  and  oxygen  atoms.  The  adjusted  incremental  data 
are  also  listed  for  comparison  with  the  original  input  data. 

A  second-order  fitting  function  (IBM  Scientific 
Subroutine  Number  DDGT3 )  is  applied  to  the  smoothed  incre¬ 
mental  data  to  obtain  the  concentration-distance  gradients 
necessary  for  application  of  Equation  B-l. 

B2  Sample  Output 

Computer  output  of  three  separate  experiments  are 
reproduced  here,  and  they  correspond  to  the  results  presented 
in  Figures  5.1,  6„1  and  6.2,  respectively. 


CHEMICAL  KINETICS  FLOW  REACTOR  DATA  SHEET 


APRIL  15,  1971  * 


CARBON  MONOXTDE/ATF/W?.tEB  RUN 
?RFPERI<~K  L  DRYER. 

RIJN  NUMBER 


RRQPE  BASE  (MV) 

OXIDIZER  TNJE^ION  pnRT 


CARRIER 


CHEMICAL 

MOLECULAR  WEIGHT 

AIP 

28.89 

INPUT 

PPESSUF'17 

TEMPERATURE 

MANOMETER 

(PSIG) 

(DEGC) 

(INHG) 

292.0 

-10. 

CORRECmED 

PRESSURE 

TEMPERATURE 

MANOMEtrp 

( AmM  A) 
(DECK) 
(INHG) 

20.  88 
263. 

CALCULATED 

FLOW  RA^E 

(GM/SEC) 

31.1368 

FLOW  PA'i’E  (MOLE/SF.C)  1.07777 

MOLE  FRACTION  0. 98942 

EQUIVALENCE  RAT™ 


2.650 

1 


DILUENT 

FUEL 

OXIDIZER 

N2 

CO 

02 

28.01 

28.01 

32.00 

0.0 

4.4 

0.0 

18. 

20. 

20. 

0.00 

3.80 

1.00 

1.30 

1.00 

291. 

293. 

293. 

0.00 

3.80 

0. 0000 

0.3228 

0.0000 

0.00000 

0.01152 

0.00000 

0.00000 

0.01058 

0.20580 

0.026 


Experimental  results  dated  April  15,  1971,  appear  in  the  text  as 
Figure  5.1 
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CHROMATOGRAPH  ANALYSTS  DATA  SHEET 
CHROMATOGRAPH  CALIBRATION  DATA 


TABLE  NUMBER  14  ro 


0.00 
27.56 
55.  11 
82.67 
110.22 
137.78 
165. 33 
1377.78 
2755.56 
4133. 33 
4767.11 


TABLE  NUMBER  15  CH4 


0.00 

120000.00 


TABLE  NUMBER  16  C02 


0.  00 
33490.00 


TABLE  NflMBFR  17  C2H4 


0.00 

229700.00 


'’'ABLE  NHMBPR  18  C2H6 


0.00 

228700.00 


APRIL  15,  1971 


3.00  MINUTES 


0.0000 

0.0300 

0.0360 

0.0400 

0.0440 

0.0460 

0.0500 

0.1430 

0.2480 

0.3540 

0.4010 


1.0C  MINUTES 


0.0000 

1.0100 


2.00  MINUTES 


0.0000 

1 .9900 


4.00  MTNnTFS 


0.0000 

0.9900 


5.00  MINUTES 


0.0000 

0.0990 
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CHROM  A^GF  '.PH  ANALYSTS  D»T,a  SHEET 

rO!  IJK*J  CONDITIONS 


A.PPII  15,  1971 


A 

p 


FLOW  PATE  TYPF  CARRIER  GAS 

(CC/MTN) 


30.0  80/100  MESH, 6FT  R,6*T  Q,1/8  S.S.  HELIUM 

30.0  80/100  MESII,  12FT  R,  1/8  S.S.  HELIUM 


DETECTOR  CONDITIONS 


THERMAL  CONDUCTIVITY  PL A.ME  IONIZATION 


PRTPOE  current 

270. 

MR 

HYDROGEN 

11. 

PSI 

OVEN^ENp 

13  0. 

DEGC 

OXYGEN 

21. 

PSI 

5nXTLTARY  Tppp 

12S. 

DEGC 

AUXILIARY 

TEMPERATURE 

40. 

250. 

CC/MTN 

DEGC 

TFMFE^ATUFR  PROGRAM  { S) 


ST  A  F  T 

PTU.T 

p-1 1 

I  V 1 

'T^MP1 

Pm2 

LV2 

TEMP  2 

PT  3 

LV3 

TEMP3  PCV  COMMENTS 

DEGC 

MIN 

n/M 

MT  N 

DEGC 

D/M 

MIN 

DEGC 

D/M 

MIN 

DEGC  DEGC 

-95. 

0. 

u  . 

0. 

-52. 

30. 

2. 

40. 

8. 

0. 

65.  160.  GENERAL  PG 

140. 

0. 

o. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.  0.  H20  S  CH20 

MISCELLANEOUS 


VOL 

0.5 

CC 

IN J  PORT  TEMP 

160.  0 

DEGC 

S  a  m  p  t  p 

SAMPLE 

"EMP 

71 '’ESS 

110.0 

38.0 

DF-GC 

CM  BG 

SPLIT  njtio 

2.0 

TC/FID 

TNTPG^A TOP  PARAMETERS 

pnnn  -urt 

M  0 1 c  F 

v?  DOWN  HFST 

PSUM 

FNT" 

PHP 

1 

rrr» 

’.r>0 

0.10 

0.03 

0.00 

0.00 

NO 

1000. 

00 

2 

1.00 

0.10 

0.  03 

0.10 

0.00 

NO 

0. 

10 

3 

T  r 

1.00 

O.ni 

0.01 

0.00 

0.00 

NO 

0. 

10 

U 

nr  n 

U.  On 

0. 10 

0.  03 

0.10 

0.00 

NO 

0. 

10 

COMMENTS 
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GAS  CHROMATOGRAPH/FLOW  REACTOR  DATA  SHEET  APRIL  15,  1971 

CARBON  MONOXIDE/AIR /WATER  RON 
FREDERICK  L  DRYER. 

CHEMICAL  DATA,  MOLAR  PERCENT  SPECIES 


CHEMICAL  SPECIE 

CO 

CH4 

CO  2 

C2H4 

AV  RETENTION 
POSITION  TFMP 

(CM)  (DEGK) 

TIME  (MIN) 
VELOCITY 
(CM/SEC) 

3.00 

1.00 

2.00 

4.00 

114.73 

1119. 

1233  . 

0. OOOE-OI 

0.000E-01 

1  . 373F  00 

0.  OOOE-OI 

110.15 

1119. 

1233. 

1 .633E-02 

0.000E-01 

1.3S9E  00 

0. OOOE-OI 

105.52 

1119. 

1233. 

3.227E-02 

0.000E-01 

1  . 328E  00 

0. OOOE-OI 

100. 84 

1119. 

1  233  . 

3.773E-02 

0 . 000E-01 

1  .295E  00 

0. OOOE-OI 

96.16 

1119. 

1233. 

5. 113E-02 

0. OOOE-OI 

1.298E  00 

0. POOv-01 

91.47 

1119. 

1233. 

5. 473  E- 02 

0. OOOE-OI 

1  .281 E  00 

0. OOOE-OI 

86.76 

1119. 

1233  . 

6.785E-02 

0. OOOE-OI 

1.276E  00 

0 .  OOOF-OI 

82.07 

1117. 

1231. 

8. 649E-02 

0. OOOE-OI 

1.255F  00 

0. OOOE-OI 

77.35 

1114. 

1228. 

1 .167E-01 

0. OOOE-OI 

1 . 22 1 F  00 

0. OOOE-OI 

72.58 

1109. 

1222. 

1 . 604E-01 

0. 0  OOF-O  1 

1 . 16 OF.  00 

0. OOOE-OI 

67.82 

1104. 

1217. 

2.251E-01 

0. OOOE-OI 

0. OOOE-OI 

0.000F.-01 

63.05 

1095. 

1207. 

3.169  E-01 

0. OOOE-OI 

1.012E  00 

0. OOOE-OI 

58.09 

1087, 

1197. 

a. 284E-01 

0. OOOE-OI 

9. 103E-01 

0. OOOE-OI 

53.54 

1078. 

1188. 

5.241 F-01 

0. OOOE-OI 

7 . 97a  E-01 

0. OOOE-OI 

48.74 

1069. 

1178. 

6.714E-01 

0. OOOE-OI 

6.74UF-01 

0. ooos-01 

43.93 

1059. 

1167. 

7.935E-01 

0. OOOE-OI 

5.480E-01 

0. OOOE-OI 

39.14 

1048. 

1155. 

9.381  E-01 

0. OOOE-OI 

4 .1B9E-01 

0. OOOE-OI 

34 .30 

1039. 

1145. 

1.057E  00 

0. OOOE-OI 

2.950E-01 

0. OOOE-OI 

29.46 

1031. 

1136. 

1.211 E  00 

0. OOOE-OI 

1  . 900E-01 

0. OOOE-OI 

24.63 

1028. 

1133. 

1.234F  00 

0. OOOE-OI 

1 .346E-01 

O.OOOF.-OI 

B-9 


SAS  CHnOMATOGPA?H/*LOW  REACTOR  DATA  SHEET  APFIL  IS,  1971 

CAP  BOH  MONOYTDE/ATF/WATE9  PUN 
PPFDEPTCK  L  DD YEP . 

CHEMICAL  DATA  r  MOLAR  PERCENT  SPECIES 


CHEMICAL  SPECIE 

C2K6 

H20 

02 

CTOT 

AV  RETENTION  v 
POSIT '’’BMP 
(CM)  (DECK) 

114.73  1119. 

T«E  (MIN) 
VFLOCT't'Y 
(CM/SBC) 
1233. 

5.  00 

0. OOOE-OI 

0, OOOE-OI 

0. OOOE-OI 

1.373E 

00 

110. is 

1119. 

1233. 

0. OOOE-OI 

0. OOOE-OI 

0.  OOOE-OI 

1 .3562 

00 

10S.5? 

1119. 

1233. 

0. OOOE-OI 

0. OOOE-OI 

0.  OOOE-OI 

1.360E 

00 

100.84 

1119. 

1  233. 

0. OOOE-OI 

O'.  OOOE-OI 

0. OOOE-OI 

1.333E 

00 

96.16 

1119. 

1233  . 

0„ OOOE-OI 

s 

0.  OOOE-OI 

0. OOOE-OI 

1.349E 

00 

91  .47 

1119. 

1233. 

«. OOOE-OI 

0, OOOE-OI 

0, OOOE-OI 

1 s  3353 

00 

86.76 

1119. 

1233. 

0. OOOE-OI 

0. OOOE-OI 

0. OOOE-OI 

1 .344B 

00 

8?.  07 

1117. 

1231. 

0.0 OOF- 01 

0. OOOE-OI 

0. OOOE-OI 

1. 3418 

00 

11.35 

1114. 

1223. 

0. OOOE-OI 

0. OOOE-OI 

0. OOOE-OI 

1.338E 

00 

12.58 

1109. 

1222. 

0. OOOE-Oi 

0. OOOE-OI 

0  „000p-01 

1.320E 

00 

67.82 

1104. 

1217. 

0, OOOE-OI 

0, OOOE-OI 

0. OOOE-OI 

2. 251E-01 

63. OS 

109S. 

1207. 

0. OOOE-OI 

0, OOOE-OI 

0.  OOOE-OI 

1  .329E 

00 

S8.0Q 

1087. 

1197. 

0. OOOE-OI 

0. OOOE-OI 

0. OOOE-OI 

1.339E 

00 

S3.s« 

1078. 

1 188, 

0. OOOE-OI 

0, OOOE-OI 

0.  OOOE-OI 

1.322B 

00 

48.74 

1069. 

1178. 

O.OOOF-OI 

0. OOOE-OI 

0,000?-01 

1  .3463 

00 

43.9? 

1  OS  9 . 

1167. 

0, OOOE-OI 

0. OOOE-OI 

O.OOOR-OI 

1.341B 

00 

39.14 

1048. 

115S. 

0 . OOOF-OI 

0.  OOOE-OI 

0, OOOE-OI 

1,3573 

00 

34  .30 

1039. 

114*. 

0. OOOE-OI 

0.  OOOE-OI 

0 .  OOOB-0 1 

1.352E 

00 

29.46 

1031  , 

1136, 

0. OOOE-OI 

0. OOOE-OI 

0,  OOOE-OI 

1 .401S 

00 

24.  .6  9 

1023. 

1133. 

O.OOOF-OI 

0,0008-01 

0. OOOE-OI 

1.3693 

00 
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GAS  CHROMATOGRA PR/PLOW  REACTOR  DATA  SHEET  APRIL  1%  1971 

CARBON  MONOXIDE/AIR/WATER  RON 
FREDERICK  L  DRYER. 

5PT  2ND  ORDER  SMOOTHING  PERFORMED  4  TIMES 
MOLAR  PERCENT  SPECIES 


CHEMICAL  SPECIE 

CO 

CH4 

C02 

C2H4 

AV  RETENTION 
POSITION  TEMP 

(CM)  (DEGK) 

TIME  (MIN) 
VELOCITY 
(CM/SEC) 

3.00 

1.00 

2.00 

4.00 

114.73 

1119. 

1233  . 

3.533E-03 

0.000E-01 

1.372E  00 

0.  OOOE-OI 

110.15 

1119. 

1233. 

1 . 785E-02 

0.000E-01 

1. 344E  00 

0. OOOE-OI 

105.52 

1119. 

1233. 

2.999E-02 

0. 000E-01 

1.321E  00 

0.0005-01 

100.84 

1119. 

1233. 

3 . 985E-02 

0 . OOOE-OI 

1.304E  OC 

0. OOOE-OI 

96.16 

■  1120. 

1233. 

4. 798E-02 

0.  OOOE-OI 

1.293E  00 

0. OOOE-OI 

91.47 

1120. 

1233. 

5.611E-02 

0. OOOE-OI 

1  .285E  00 

0. OOOE-OI 

86.76 

1119. 

1233  . 

6.769E-02 

0. OOOE-OI 

1.275E  00 

0. OOOE-OI 

82.07 

1117. 

1231. 

8. 614E-02 

0. OOOE-OI 

1.254E  00 

0. OOOE-OI 

77.35 

1114. 

1228. 

1 .158F-01 

0  .OOOE-OI 

1.217E  00 

0. OOOE-OI 

72.58 

1110. 

1223, 

1.619E-01 

0. OOOE-OI 

1.163E  00 

0. OOOE-OI 

67.82 

1104. 

1216. 

2.292  E-01 

0. OOOE-OI 

1.093E  00 

0. OOOE-OI 

63.05 

1096. 

1207. 

3 . 1 65E-01 

0. OOOE-OI 

1.009E  00 

0. OOOE-OI 

58.09 

1087. 

1198. 

4. 203E-01 

0. OOOE-OI 

9. 101E-01 

0. OOOE-OI 

53.54 

1078. 

1188. 

5 . 363  E-01 

0. OOOE-OI 

7 . 975E-01 

0. OOOE-OI 

48.74 

1069. 

1178. 

6.628K-01 

0. OOOE-OI 

6.749E-01 

0. OOOE-OI 

43.93 

1059. 

1166. 

7.971 E-01 

0. OOOE-OI 

5. 4 64 E-01 

0. OOOE-OI 

39.14 

1048. 

1155. 

9. 3 96 E-01 

O'.  OOOE-OI 

4 . 158F-01 

0. OOOE-OI 

34.30 

1039. 

1144. 

1.081E  00 

0. OOOE-OI 

2. 923E-01 

0. OOOE-OI 

29.46 

1G31 . 

1136. 

1.195E  00 

0. OOOE-OI 

1 .919E-01 

0. OOOE-OI 

24.63 

1028. 

1133. 

1.238E  00 

0. OOOE-OI 

1. 342E-01 

0. OOOE-OI 

B-ll 


G»S  ^Hn0iM7iToc,nA?M/PL0W  PEACTOP  DATA  SHEET  APPIL  IS,  1971 

rAR PON  tfONOVinE/ATR/WAT’EP  RON 
PPFT)ERT-7'.  t  nPYER. 

SP'1'  2ND  ORDER  SMOOTHING  PERFORMED  4  TIMES 
MOLAR  PERCENT  SPECIES 


CHEMTCAI  SPECIE 

C2H6 

H20 

02 

C.TOT 

AV  RPTRNTTON 

TIME  (MIN) 

5.00 

position 

TEMP 

VFLOCTTY 

(CM) 

(DEGK) 

(CM/SFC) 

114.7.1 

1119. 

1233. 

0 . 000E-01 

2.480E 

00 

1 .989E 

01 

1. 376E 

00 

110.1s 

1119. 

1239. 

0. 000 E- 01 

2. 480F 

00 

1 . 99  IE 

01 

1.362E 

00 

mc.52 

1119. 

1233. 

0. OOOF-OI 

2.480E 

00 

1 .9«2E 

01 

1 .351E 

00 

100.P4 

1119. 

1233  . 

0 . 000E-01 

2.480E 

00 

1.99315 

01 

1. 344E 

00 

96.16 

V«20. 

1233. 

0. OOOE-OI 

2.480E 

00 

1.993E 

01 

1.34  IE 

00 

91.M7 

1120. 

1333. 

O.OOOB-OI 

2.480E 

00 

1  .99UE 

01 

1.34  IE 

00 

86  .76 

1119. 

1233. 

0.  OOOE-OI 

2. 480E 

00 

1.994E 

01 

1. 342E 

00 

82.07 

1117. 

1231. 

0. 000E-01 

2.480E 

00 

1  . 99SE 

01 

1.340E 

00 

77. 3S 

1114. 

1228. 

0 . 000F-Q1 

2. 480E 

00 

1.997E 

01 

1.333E 

00 

72.  CR 

1110. 

1223. 

0. 000E-01 

2.4P0E 

00 

2.000E 

01 

1.325E 

00 

67.8° 

1104. 

1216. 

O.OOOE-OI 

2.480F, 

00 

2 .003E 

01 

1 .322B 

00 

63. OS 

1096. 

1207. 

0 . OOOE-O 1 

2.480E 

00 

2.0O8E 

01 

1.326E 

00 

S8.09 

1"87. 

1198. 

0. 000E-01 

2.480E 

00 

2.012E 

01 

1 .330E 

00 

S3.S4 

1078. 

1188. 

0.0C0E-01 

2.480R 

00 

2.018E 

01 

1.334E 

00 

4  8.74 

106.9. 

1178. 

0. 000E-01 

2. 4R0E 

00 

2.024E 

01 

1.338S 

00 

43.  <n 

10?Q. 

1166. 

0.  000P-01 

2.480E 

00 

2 .03 IE 

01 

1.343E 

00 

39.14 

1048. 

n^s. 

0.000E-01 

2.4R0F 

00 

2.037E 

01 

1. 355E 

00 

34.30 

1039. 

1144, 

0. 000E-01 

2.480E 

00 

2.04  3F. 

01 

1.374E 

00 

29,46 

1031. 

1136. 

0. OOOE-OI 

2.U80E 

00 

2.048E 

01 

1.  386E 

00 

24.63 

'1028, 

1133. 

0 , OOOE-OI 

2.4P0E 

00 

2.0S1R 

01 

1. 372E 

00 
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GAS  CHROMATOGRAPH/FLOW'  REACTOR  DATA  SHEET  APRIL  15,  1971 

CARBON  MONOXIDE /AIR /WATER  RON 
FREDERICK  L  DRYER. 

SMOOTHED  FIRST  TIMB  DERIVATIVE  OF  CHEMICAL  DATA 
DIMENSIONS  APE  {MOLAR  PERCENT/SEC) 

CHEMICAL  SPECIE  CO  CH4  C02  C2B4 


AV  RETENTION  TIME  (MIN)  3.  00  1.00  2.00  4.00 

POSITION  1000/T  VELOCITY 


(CM) 

114.73 

1  /  (DEGK) 

0.  8934 

(CM/SFC) 

1233. 

-4 . 1 67  E 

00 

0.000E-01 

8.  28 IE 

00 

O.OOOE-OI 

110.15 

0.8933 

1233. 

-3.546E 

00 

0 . 000E-01 

6.833E 

00 

0.  OOOE-OI 

105.52 

0.8934 

1233. 

-2.918E 

00 

O.OOOE-OI 

5. 316E 

00 

o. onOE-oi 

100.84 

0.8933 

1233. 

-2. 371 E 

00 

0.  000E-01 

3.7  26E 

00 

O.OOOE-OI 

96. 16 

■  0.8932 

1233. 

-2. 140E 

00 

0. OOOE-OI 

2.512E 

00 

0. OOOE-OI 

91.47 

0.8932 

1233  . 

-2.584E 

00 

0. 000E-01 

2. 38  IE 

00 

0. OOOE-OI 

86.76 

0.8937 

1233. 

-3.942E 

00 

0. 000E-01 

4.055E 

00 

O.OOOE-OI 

82.07 

0.8951 

1231 . 

-6.288E 

00 

0. OOOE-OI 

7 .5  OIF 

00 

O.OOOE-OI 

77,35 

0.8975 

1228. 

-9.784E 

00 

0. OOOE-O 1 

1. 176E 

01 

0.  OOOE-OI 

72.58 

0.9011 

1223. 

-1.455E 

01 

0.  000E-01 

1  . 5  90E 

01 

0. OOOE-OI 

67.02 

0.9062 

1216. 

-1.971E 

01 

O.OOOE-OI 

1 . 9  6 1 E 

01 

0. OOOE-OI 

63.05 

0.9126 

1207. 

-2.365E 

01 

0.  000E-01 

2.267E 

01 

0. OOOE-OI 

58.09 

0.9198 

1198. 

-2.7  92K 

01 

0. 000E-01 

2  .6  q1  E 

01 

O.OOOE-OI 

53.54 

0.9275 

1188. 

-3.078E 

01 

O.OOOF-OI 

2.985E 

01 

0. OOOE-OI 

48.74 

0.9357 

1178. 

-3. 195E 

01 

0.  OOOE-OI 

3.077E 

01 

0. OOOE-OI 

43,93 

0.9446 

1166. 

-3.364F 

01 

0.  OOOE-O) 

3.148E 

01 

0. OOOE-OI 

39.14 

0.9541 

1155. 

-  3 . 4 1 0  E 

01 

O.OOOE-OI 

3.0  48F. 

01 

0.  OOOE-OI 

34.30 

0.9629 

1144. 

-3.014E 

01 

O.OOOE-OI 

2.647E 

01 

0. OOOE-OI 

29.46 

0-9696 

1136. 

-1 .84 OF 

01 

0. 0  0CE-01 

1.857E 

01 

0.000  '-Cl 

24.63 

0.9724 

1133. 

*'  2 . 0  8 1 E 

00 

O.OOOE-OI 

8 , 5  4  5  E 

00 

O.OOO^-OI 
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?AS  CHROMATOG^A PH/FLOW  REACTOR  DATA  SHEET  APRIL  15,  1971 

CARBON  MONOXIDE/AIP/WA^FR  RON 
F^EDE^ICK  L  DRYE”. 

SMOOTHED  FIRST  TIME  DERIVATIVE  OF  CHEMICAL  DATA 
DIMENSIONS  APE  (MOLAR  PERCENT/SEC) 

CHEMICAL  SPECIE  C2H6  H20  02  CTOT 


AV  RETENTION  TIME  (MIN)  5.00 


POSITION 

(CM) 

11  a. 7  3 

1000/T 

1  /  (DECK) 
0.8934 

VELOCITY 
(CM/S  FC) 
1233. 

0. OOOE-OI 

O.OOOF-OI-4.  140F. 

00 

0. OOOE-OI 

110.15 

0.8933 

1233  . 

0. 000E-01 

0. 0  00F-01 -3.416F 

00 

0. OOOE-OI 

105.52 

0.8934 

123.3  . 

0. OOOE-OI 

0.  OOOF-OI  -2 . 658L1 

00 

0. OOOE-OI 

100. 84 

0.893? 

1233. 

0. 000 F- 01 

0. OOOE-OI -1 . 863E 

00 

0. OOOE-OI 

96.16 

0.8932 

1233  . 

0. OOOE-OI 

0. OOOE-OI  -1  .256E 

00 

0. OOOE-OI 

01  .H7 

0.«932 

1233  . 

P.OOOE-OI 

O.OOOE-OI-1. 1 9 1 E 

00 

0. OOOE-OI 

86.76 

0.8937 

1233 

0. OOOE-OI 

0.000E-01-2.027E 

00 

0. OOOE-OI 

82.07 

0.8951 

1231. 

0. C00F-01 

0. OOOE-OI  -3 .750E 

00 

0. OOOE-OI 

77.35 

0.8975 

12:8. 

O.OOOK-OI 

O.OOOE-01-5.879E 

00 

0. OOOE-OI 

72.58 

0.  901  1 

1223. 

0. OOOE-OI 

0. 000 E- 01-7. 950E 

00 

0. OOOE-OI 

67.82 

0.906? 

1216. 

0.0O0E-01 

0. OOOE-OI -9. 806E 

00 

0. OOOE-OI 

63.05 

0. 9128 

12  07  . 

0. OOOE-OI 

0  .OOOF-OI -1 . 1 34F 

01 

0. OOOE-OI 

58. 00 

0.9198 

1198. 

0.000F-01 

C.000F-01-1.346E 

01 

0. OOOE-OI 

53. cn 

0. 9275 

1188. 

0. OOOE-OI 

0. OOOF-OI -1 .493F 

01 

0. OOOE-OI 

UR, 74 

0 . 0  3  S'7 

1178. 

0. OOOF-OI 

0. 0002-01 -1  . 5  3  8  F 

01 

0. OOOE-OI 

43.93 

0. suufi 

1166. 

0. OOOE-OI 

0.009E-01-1.574E 

01 

0.  OOOE-OI 

39.14 

0. 9841 

1185. 

0. OOOE-OI 

f,.000w-01  -1  . 824  E 

01 

O.OOOK-OI 

34.30 

0.9629 

1144  . 

0 . 000F-Q1 

0.000E-01-1.324E 

01 

0. OOOE-OI 

29.46 

0.  9f  9fi 

1136. 

0. OOOF-OI 

0. 000 E- 01-9. 283E 

00 

0. OOOE-OI 

24,6? 

O'.  972 U 

1133  . 

n.oooF-oi 

0. OOOE-OI -4 .272E 

00 

0. OOOE-OI 
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C83WICAL  RUSTICS  FLOW  B5ACTOR  DATA  SHEET  JAH0ARY  15,  1971* 

KBTHAWE/OXYGBW/AIB  RBACTXOM  STODY 
PBIDSBICK  L  DBYEB 

BOW  BUHBER 


PROBE  BASE  (ST) 

OXIDIZER  INJECTIOS  POBT 


CARRIBB 


CHBBICAL 

AIB 

HOLECBLAB  WEIGHT 

28.89 

IWPUT 

PBESSOBE 

(PSIG) 

151.0 

TEHPBBATORE 

(DEGC) 

-4. 

HAWOHETEB 

(IWHG) 

COBBECTED 

PBESSOBE 

(ATHA) 

11.28 

TEHPBBATORE 

(DECK) 

269. 

HAWOHETEB 

(IKHG) 

CALCOLATED 

FLOW  BATE 

(GH/SEC) 

16.6499 

FLOW  BATE  (HOLE/SEC) 

0.57632 

HOLE  FBACTIOH 

0.95183 

IQOIYALBNCB  RATIO 


3.400 

I 


DILOEMT  FUEL  OXIDIZER 


M2 

CH4 

02 

28.01 

16.01 

32.00 

0.0 

1.0 

17.5 

36. 

34. 

36. 

0.00 

1.  10 

1.00 

1.07 

2.19 

309. 

307. 

309. 

0.00 

1.10 

0.  0000 

0.0584 

0.8166 

0.00000 

0.00355 

0.02552 

0.00000 

0.00603 

0.24013 

0.050 


Experimental  results  dated  January  15,  1971,  appear  in  the  text  as 
Figure  6.1 
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CHROMATOGRAPH  analysis  data  sheet 
CHROMATOGRAPH  CALIBRATION  DATA 


TABLE  NUMBER  14  CO 


0.  00 
25.42 
52.83 
79.25 
105.67 
132.08 
158.50 
1320.82 
2641. 65 
3962.47 
4570.05 


TABLE  NUMBER  15  CH4 


0.00 

236300.00 


TABLE  NUMBER  16  C02 


0.00 

108600.00 


'’’ABLE  NUMBER  17  C2H4 


0.00 

446300,00 


'’’ABLE  NUMBER  18  C2H6 


0.00 

443800.00 


JANUARY  15r  197 


3.00  MINUTES 


0.0000 

0.0300 

0.0360 

0.0400 

0.0440 

0.0460 

0.0500 

0.1430 

0.2480 

0.3540 

0.4010 


1.00  MINUTES 


0.0000 

2.0200 


2.00  MINUTES 


0.0000 

6.6400 


4.00  MINUTES 


0.0000 

1 .9900 


5.00  MINUTES 


0.0000 

1 .9900 
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CHB0H1T0GRA PH  ANALYSIS  DATA  SHE2T  JANUARY  15,  1971 

COLUMN  CONDITIONS 


PI.OM  RATE  TYPB  CARRIER  GAS 

(Cr/HINJ 

A  30.0  80/100  MESH,6PT  R,6PT  Q, 1/8  S.S.  HELIUM 

B  30.0  80/100  MESH, 12 PT  R,1/8  S.S.  HELIUM 

DETECTOR  CONDITIONS 


THERMAL  CONDUCTIVITY  PLANE  IONIZATION 


BRIDGE  CURRENT 

270. 

MA 

HYDROGEN 

11. 

PSI 

OVENTEHP 

130. 

DEGC 

OXYGEN 

21. 

PSI 

AUXILIARY  TEMP 

125. 

DEGC 

AUXILIARY 

TEMPERATURE 

40. 

250. 

CC/MIN 

DBGC 

TEMPERATURE  PROGRAM  (S) 


START 

PINJ 

RT1 

LV1 

TEMPI 

RT2 

LV2 

TEMP2 

RT3 

LV3 

TEMP3  RCV  COMMENTS 

DEGC 

MIN 

D/M 

MIN 

DEGC 

D/M 

BIN 

DEGC 

D/M 

MIN 

DEGC  DEGC 

-95. 

0. 

4. 

0. 

-62. 

30. 

2. 

40. 

8. 

0. 

65.  160.  GENERAL  PG 

140. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.  0.  H20  S  CH20 

HISCELLAIEOUS 


SAMPLE  VOL  0.5  CC  INJ  PORT  TEMP  160.0  DEGC 

SAMPLE  TEMP  110.0  DEGC  SPLIT  RATIO  2.0  TC/PID 

SAMPLE  PRESS  38.0  CM  HG 


INTEGRATOR  PARAMETERS 


PROG 

INPT 

NOISE 

UP 

DOWN 

BRST 

PSUM 

PUT 

RHR 

1 

TC 

3.00 

0.10 

0.03 

0.00 

0.00 

NO 

1000.00 

2 

TC 

3.00 

0.10 

0.03 

0.10 

0.00 

NO 

0.10 

3 

TC 

1.00 

0.03 

0.01 

0.00 

0.00 

NO 

0.10 

4 

PID 

4.00 

0.10 

0.03 

0.10 

0.00 

NO 

0,10 

COMMENTS 
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GAS  CHROHATOGSA PH/FLOW  REACTOR  DATA  SHEET  JANUARY  IS,  1971 

M ETH A NF/OXY GEN/AIR  REACTION  STUDY 
FREDERICK  L  DRYER 

CHEMICAL  DATA,  MOLAR  PERCENT  SPECIES 


CHEMICAL  SPECIE 

CO 

CH4 

C02 

C2H4 

AV  RETENTION 

TIME  (MIN) 

3.00 

1.00 

2.00 

4.00 

POSITION 

(CM) 

114.59 

TEMP 

(DEGK) 

1196. 

VELOCITY 

(CM/SEC) 

732. 

0. 000E-01 

0. 000E-01 

5 . 382E-01 

0. OOOE-OI 

110.70 

1196. 

732. 

3.996  E-02 

0 . 000E-01 

5.323E-01 

0. 000E-01 

106.60 

1196. 

737. 

5.300E-02 

0.000E-01 

5. 25PE-01 

0.000E-01 

102.43 

1193. 

731. 

8.997E-02 

1.923E-03 

4 . 703E-01 

0. 000E-01 

98.28 

1186. 

7?6 . 

1  .494  E-01 

6 . 856F.-03 

4.108E-01 

0 .  OOOE-0 1 

94.1? 

1175. 

720. 

2. 384F-01 

2.714E-02 

2. 864E-01 

1.  177E-03 

89.94 

1163. 

712. 

2.902  E-01 

7. 4  06 E-02 

1  .701 E-01 

3.193E-03 

85.78 

1149. 

703. 

3.029E-01 

5. 856r  2 

1. 352E-01 

4.432E-03 

81.61 

1138. 

597. 

2. 765E-01 

1.586E-01 

8.535E-02 

6 . 590E-03 

77.42 

1129. 

691. 

2 .2 04 E-01 

2.288E-0’ 

6.536E-02 

7.874E-03 

73.26 

1119. 

686. 

1.595E-01 

2.946E-01 

7. 074E-02 

7.072E-03 

69.07 

1113. 

682. 

1.266 E-01 

3.403E-01 

4 . 567E-02 

6 . 461 E-03 

64.85 

1109. 

679. 

1.005E-01 

3.787E-01 

4  „  200E-02 

5 . 364E-03 

60.66 

1106. 

677, 

7. 604  E-02 

4.015E-01 

4.506E-02 

4.1 51 E-03 

56.42 

1102. 

675. 

5„660F-02 

4.3  06E-01 

4.017E-02 

2.733E-03 

52.23 

1101. 

674. 

3.76QF-02 

4.627E-01 

3. 785E-02 

1.4362-03 

4  7.9° 

1099. 

673. 

3. 1 50E-02 

4.737E-01 

3. 71 1 E-02 

8.784E-04 

43.97 

1098. 

672. 

0. 0Q0E-01 

4  .913E-01 

3.662E-02 

4.503E-04 

39.51 

1097. 

672. 

O.OOOE-OI 

4.969E-01 

J.724E-02 

0.000E-01 

35.26 

# 

1097. 

672. 

0.  000E-01 

5.079E-01 

3.760E-02 

0. 000E-01 
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GAS  CHROHATOGRAPH/FLOW  REACTOR  DATA  SHEET  JANUARY  15,  1971 

HETHANE/OITGEN/AIR  REACTION  STUDY 
FREDERICK  L  DRYER 

CHEMICAL  DATA,  MOLAR  PERCENT  SPECIES 


CHEMICAL  SPECIE 

C2H6 

H2Q 

02 

CTOT 

AV  RETENTION 

TIME  (MIN) 

5.00 

7.00 

0.00 

0.00 

POSITION 

TEHP 

VELOCITY 

(CM) 

(DEGK) 

(CH/SEC) 

114.59 

1196. 

732. 

0. OOOE-OI 

0. 000E-01 

0. OOOE-OI 

5. 382E-01 

110.70 

1196. 

732. 

0. OOOE-OI 

O.OOOE-OI 

0. OOOE-OI 

5. 723E-01 

106.60 

1196. 

732. 

0. OOOE-OI 

0.000B-01 

O.OOOE-OI 

5.788B-01 

102.43 

1193. 

731. 

0. 000E-01 

O.OOOE-OI 

0. OOOE-OI 

5.  622E-01 

98.28 

1186. 

726. 

O.OOOE-OI 

0.000B-01 

O.OOOE-OI 

5.670E-01 

94,12 

1175. 

720. 

3.139E-04 

O.OOOE-OI 

O.OOOE-OI 

5. 550B-01 

89.94 

1163. 

712. 

1.238E-03 

O.OOOE-OI 

O.OOOE-OI 

5.432E-01 

85.78 

1149. 

703. 

1.726 E-03 

O.OOOE-OI 

O.OOOE-OI 

5.490E-01 

81.61 

1138. 

697. 

3.439E-03 

O.OOOE-OI 

O.OOOE-OI 

5. 405E-01 

77.42 

1129. 

691. 

5. 13 9 E-03 

0. 000B-01 

0. OOOE-OI 

5.4  06  E-  01 

73.26 

1119. 

686. 

5.946  E-03 

O.OOOE-OI 

0. OOOE-OI 

5 . 508E-01 

69.07 

1113. 

682. 

6.722E-03 

0. OOOE-OI 

O.OOOE-OI 

5.390B-01 

64.85 

1109. 

679. 

6. 6 54 E-03 

O.OOOE-OI 

0. OOOE-OI 

5.453E-01 

60.66 

1106. 

677. 

5 . 870E-03 

0. OOOE-OI 

0. OOOE-OI 

5. 427E-01 

56.42 

1102. 

675. 

4 . 982E-03 

O.OOOE-OI 

0. OOOE-OI 

5.428E-01 

52.23 

1101. 

674. 

4.475B-03 

0. OOOE-OI 

0. OOOE-OI 

5.501E-01 

47.99 

1099. 

673. 

3. 363E-03 

O.OOOE-OI 

0.  OOOE-OI 

5. 508B-01 

4^.77 

1098. 

672. 

2.403E-03 

0. OOOE-OI 

0. OOOE-OI 

5.336B-01 

39.51 

1097. 

672. 

1 .601E-03 

0. 000B-01 

0. OOOE-OI 

5. 374B-01 

35.26 

1097. 

672. 

8.  564E-04 

0. OOOE-OI 

0. OOOE-OI 

5.473E-01 

♦ 
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<1AS  CHROMA^OGRAPH/PLOW  REACTOR  DATA  SHEET  JANUARY  15,  1971 

METHANE/OXYGEN/ AIR  REACTION  STUDY 
FREDERICK  L  D^YER 

5PT  2ND  ORDER  SMOOTHING  PERFORMED  4  TIMES 


MOLAR  PERCENT 
CHEMICAL  SPECIE  CO 

1  SPECIES 
CH4 

CO  2 

C2H4 

AV  P.E 

TENTION 

TIME  (MIN) 

3.00 

1.00 

2.00 

4.00 

°OS IT  TON 
(CM) 
114.59 

i'£Mn 

(DECK) 

1196. 

VELOCITY 

(CM/SEC) 

732. 

4. 830E-02 

0. 000E-01 

5. 372E-01 

0 . 000E-01 

110.70 

1196. 

732. 

3.951E-02 

9.387E-04 

5.366E-01 

0. 000E-01 

106.60 

1195. 

732. 

5.368E-02 

O.OOOE-OI 

5. 194E-01 

0. 000E-01 

102.43 

1192. 

730. 

9.431E-02 

8. 186E-04 

4.733E-01 

0. 000E-01 

98.28 

1185. 

72  6. 

1 .589E-01 

1.021E-02 

3.923E-01 

3.993E-04 

94  .12 

1175. 

720. 

2. 309 E- 01 

3.  126E-02 

2.  893B-01 

1. 379E-03 

89.94 

1162. 

712. 

2.841E-01 

6.348E-02 

1  . 92  8E-01 

2.938  E-03 

85.78 

1150. 

704. 

2.986E-01 

1.066E-01 

1 . 25 1E-0 1 

4. 801E-03 

81.61 

1138. 

697. 

2.726E-01 

1.624E-01 

8.807E-02 

6.460B-03 

77.42 

1128. 

691. 

2 .220E-01 

2.270E-01 

6.988E-02 

7. 368E-03 

73.26 

1120. 

686. 

1 .687E-01 

2.897E-01 

5.907E-02 

7. 304 E-03 

69.07 

1114. 

682. 

1. 270F-01 

3.  39QE-01 

5.064E-02 

6 .5 1 3  E-03 

64.85 

1109. 

679. 

9.793E-02 

3.766E-01 

4  .468E-02 

5. 365E-03 

60.66 

1105. 

677. 

7.593E-02 

4.058E-01 

4. 167E-02 

4. 062E-03 

56.42 

1102. 

675. 

5 . 7  07E-02 

4.329E-01 

4.016E-02 

2. 745  E-03 

52.23 

1100. 

674. 

3. 958E-02 

4.573E-01 

3.852E-02 

1 . 628E-03 

47.99 

1099. 

673. 

2, 289E-02 

4.762E-01 

3.711E-02 

8. 319E-04 

43.77 

1098. 

673  . 

8.461  E-0.3 

4.891 E-01 

3  .672E-02 

3.051 E-04 

39.51 

1097. 

672. 

O.OOOE-OI 

4.984R-01 

3. 7 17E-02 

0. OOOE-OI 

35.26 

■1097. 

672. 

1 . 4 10E-03 

5.076E-01 

3.762E-02 

0 . 000E-01 
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GAS  CHRONATOGRAPH/FLOW  REACTOR  DATA  SHEET  JANUARY  15,  1971 

METHANE/OXYGEN/AIR  REACTION  STUDY 
FREDERICK  L  DRYER 

5PT  2ND  ORDER  SMOOTHING  PERFORMED  4  TIMES 
MOLAR  FERCENT  SPECIES 


CHEMICAL  SPECIE 
AV  RETENTION  TIME  (MIN) 

C2H6 

5.00 

H20 

7.00 

02 

0.00 

CTOT 

0.00 

POSITION 

(CM) 

114.59 

TEMP 

(DESK) 

1196. 

VELOCITY 

(CM/SEC) 

732. 

0. OOOE-OI 

1.096E  00 

2.294E 

01 

5.855B-01 

110.70 

1196. 

732.  ' 

0. OOOE-OI 

1.077E  00 

2.296E 

01 

5.770E-01 

106.60 

1195. 

732. 

O.OOOE-OI 

1.070E  00 

2.297E 

01 

5.731E-01 

102.43 

1192. 

730. 

0, OOOE-OI 

1.050E  00 

2.300E 

01 

5.684  E-01 

98.28 

1185. 

726. 

0.000E-01 

1 .028 E  00 

2.306E 

01 

5.621E-01 

94.12 

1175. 

720. 

3.519E-04 

9. 682E-01 

2.316E 

•  * 

5.  549E-01 

89.94 

1162. 

712. 

1.028E-03 

8.855E-01 

2.. 

5 .4  83  E-01 

85.78 

1150. 

704. 

2.071E-03 

7.839E-01 

2. 3o6E 

01 

5.441B-01 

81.61 

1138. 

697. 

3. 453E-03 

6. 6  24B-01 

2.349E 

01 

S.428E-01 

77.42 

1128. 

691. 

4.91 0E-03 

5.281B-01 

2.361B 

01 

5 . 4  34  E-01 

73.26 

1120. 

686. 

6.056E-03 

4.010E-01 

2. 37  IE 

01 

5. 442E-01 

69.07 

1114. 

682. 

6.611 E-03 

2.997E-01 

2.379E 

01 

5.438E-01 

64.85 

1109. 

679. 

6.521 E-03 

2.272E-01 

2.384E 

01 

5. 429E-01 

60.66 

1105. 

677. 

5.955E-03 

1.741 E—  0 1 

2. 388E 

01 

5.435E-01 

56.42 

1102. 

675. 

5. 1  61  E-03 

1  .2  99E-01 

2.392E 

01 

5.460B-01 

52.23 

1100. 

674. 

4.299  E-03 

8.852E-02 

2.395E 

01 

5.473E-01 

47.99 

1099. 

673. 

3. 388E-03 

4. 981E-02 

2.398E 

01 

5.447E-01 

43.77 

1098. 

673. 

2.451 E-03 

1  ,8 19E-02 

2.400E 

01 

5 . 398E-01 

39.51 

1097. 

672. 

1.569E-03 

6.6  36E-04 

2. 401E 

01 

5. 387E-01 

35.26 

1097. 

672. 

8. 643E-04 

3 .6 73 E-03 

2.401E 

01 

5  .483E-01 
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GAS  CHROMATOGRAPH/FLOW  REACTOR  DATA  SHEET  JANUARY  15,  1971 

METHANR/0XYG8N/AIR  REACTION  STUDY 
FREDERICK  L  DRYER 

SMOOTHED  FIRST  TIME  DERIVATIVE  OP  CHEMICAL  DATA 
DIMENSIONS  ARE  (MOLAR  PERCENT/SEC) 


CHEMICAL  SPECIE 

CO 

CH4 

CO 2  C2H4 

AV  RETENTION  T 

IME  (MIN) 

3.00 

i  1.00 

2.00  4.00 

POSITION 

1000/T 

VELOCITY 

(CM) 

1/  (DESK) 

(CM/SEC) 

114.59 

0.8364 

732. 

3.691E 

00-3.  444E- 

•01- 

-1.324E  00  0. 000E-01 

110.70 

0.8362 

732  . 

-3.834E- 

■01  -9 . 052P.- 

•03 

1.549E  00  O.OOOE-OI 

106  .60 

0.8366 

732. 

-4. 812E 

00  1.327E- 

02 

5.560E  00  0. 000E-01 

102.43 

0.8387 

73  0. 

-9.242  E 

00-8. 994 E- 

•01 

1  .1  17E  01-3. 5218-02 

98.28 

0.84  36 

726. 

-1. 193E 

01-2. 657E 

00 

1.607E  01-1.2048-01 

94.12 

0.8511 

720. 

-1.081E 

01-4.  591E 

00 

1.721E  01-2. 188E-01 

89.94 

0.8603 

712. 

-5. 766E 

00-6. 436E 

00 

1.400E  01 -2 .921 E-01 

85.78 

0.8698 

704. 

9.637E- 

01-8. 357E 

00 

8.862E  00-2. 978E-01 

81.61 

0.8786 

697. 

6.381E 

00-1 . 00.3F 

01 

4.613E  00-2. 143  E-01 

77.42 

0.8864 

691. 

8. 595  E 

00-1. 054E 

01 

2.395E  00-6 . 9 25E-02 

73.26 

0.8929 

686. 

7.805E 

00-9. 279E 

00 

1 . 58 IE  00  6.973E-02 

69.07 

0.8980 

682. 

5.747E 

00-7. 05CE 

00 

1  .1 68E  00  1  .5 70 E-01 

64.85 

0. 9018 

6  /  9  . 

4 . 1 22 E 

00-5. 322E 

00 

7.  227E-01  1 . 980E-01 

60.66 

0.9047 

677. 

3.284E 

00-4. 528E 

00 

3.639E-01  2 . 1  04E-01 

56.42 

0.9071 

675. 

2.911 F 

00-4.1 23E 

00 

2.523E-01  1.948E-01 

52.23 

0.9087 

674  . 

2.734E 

00-3. 470F. 

00 

2. 445E-01  1. 533E-01 

47.99 

0. 9099 

673. 

2.475E 

00-2. S24E 

00 

1 . 430E-01  1 . 051 E-01 

43.77 

0.9107 

673. 

1 .820E 

00-1  .7588 

00' 

-4.242E-03  6. 614E-02 

39.51 

0.9113 

672. 

5.550E- 

•01-1. 460E 

00' 

-7. 08 IE-02  2.  404E-02 

35.26 

0;  9 1 1  8 

672. 

-1.000E 

00-1 .4528 

00 

-7. 0 95 E- 02 -2. 4  03  E-02 
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GAS  CHROMATOGRAPH/FLOW  REACTOR  DATA  SHEET  JANUARY  15,  1971 

MBTHANB/OXYGEN/AIR  REACTION  STUDY 
FREDERICK  L  DRYER 

SMOOTHED  FIRST  TIME  DERIVATIVE  OF  CHEMICAL  DATA 
DIMENSIONS  ARE  (MOLAR  PERCENT/SEC) 

CHEMICAL  SPECIE  C2H6  H 20  02  CTOT 


AV  RETENTION  TIME  (MIN)  5.00  7.00  0.00  0.00 


POSITION 

1000/T 

VELOCITY 

(CM) 

1/(DEGK) 

(CM/SEC) 

114.59 

0.8364 

732. 

O.OOOE-OI 

4.572E 

00-2. 807E 

00 

0. 000 E-01 

110.70 

0.8362 

732. 

0.000E-01 

2.399E 

00-2. 557E 

00 

0. 000E-01 

106.60 

0.8366 

732. 

0. 000E-01 

1.512E 

00-3. 910E 

00 

0.  000E-01 

102.43 

0.8387 

730. 

0.000E-01 

3.696E 

00-8. 401E 

00 

0.000E-01 

98.28 

.0.84  36 

726. 

-3.067E-02 

7.999E 

00-1 . 4 10E 

01 

G.000E-01 

94.12 

0.8511 

720. 

-8.854E-02 

1.229E 

01-1. 795E 

01 

0.000E-01 

89.94 

0.8603 

712. 

-1.469E-01 

1.575E 

01-1.899E 

01 

0.000B-01 

85.78 

0.8698 

704. 

-2.049E-01 

1.885E 

01-1. 877E 

01 

0.000E-01 

81.61 

0.8786 

697. 

-2.367E-01 

2.132E 

01-1. 846E 

01 

0.000E-01 

77.42 

0.8864 

691. 

-2.152E-01 

2.163E 

01-1. 751E 

01 

0.000E-01 

73.26 

0.8929 

686. 

- 1 . 400 E-01 

1.877E 

01-1. 487E 

01 

0. 000E-01 

69.07 

0.8980 

682. 

-3.810E-02 

1 .41 1  R 

01-1  . 1  09E 

01 

0.000  E-01 

64.85 

0.9018 

679. 

5 .324E-02 

1.014E 

01-7. 852E 

00 

O.OOOE-OI 

60.66 

0.9047 

677. 

1. 090F-01 

7.826E 

00-5. 919E 

00 

0.000E-01 

56.42 

0.9071 

675. 

1  .3  27  E-01 

6  .848E 

00-5 .132E 

00 

O.OOOE-OI 

52.23 

0.9087 

674. 

1 .417F.-01 

6.405E 

00-4. 814E 

00 

0. 000E-01 

47.99 

0.9099 

673. 

1 .471E-01 

5.593E 

00-4, 177E 

00 

0. OOOE-OI 

43.77 

0,9707 

673. 

1  .443  E-01 

3.908E 

00-2. 860E 

00 

O.OOOE-OI 

39.51 

0.9113 

672. 

1. 252E-01 

1.  143E 

00-7.780E- 

'01 

O.OOOE-OI 

35.26 

0.9118 

672. 

9, 768  E- 02' 

-2.093E 

00  1 .6 1 8E 

00 

0 .  OOOE-OI 
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CHEMICAL  KINETICS  FLOW  REACTOR  DATA  SHEET  ’NOVEMBER  17,-1-970* 

METHANE/AIR  RUN 
FREDERICK  L  DRYER 


RUN  NUMBER 


1 


PEOBF.  BASE  (MV) 

OXIDIZER  INJECTION  PORT 


CARRIER 


CUE MICA L 

MOLECULAR  WEIGHT 

A  IP 
28.89 

TMPHT 

PPESSUP  F 

TEMPERATURE 

MANOMETER 

(PSIG) 

(OEGC) 

(TNHG) 

301.0 

3. 

CORRECTED 

PRESSURE 

TEM.PE?P.TURE 

manometer 

(ATMA) 
(DEG  K) 
(INHG) 

21.49 

276. 

CALCULATED 

PLOW  PATE  (GM/SEC) 
FLOW  RATS  (MOLE/SEC) 
MOLE  FRACTION 

31.3387 

1.08476 

0.96602 

ROUIVALENCF  RATIO 


3.670 

1 


DILUENT 

FUEL 

OXIDIZER 

N2 

CH4 

02 

2  8.01 

16.01 

32.00 

15.0 

11.2 

0.0 

21. 

21. 

20. 

3.30 

7.10 

2.02 

1.76 

1.00 

294. 

294. 

293. 

3.30 

7.10 

0.  7600 

0.1766 

0.0000 

.  0  27 1 3 

0.01103 

0. 00000 

.02416 

0.00982 

0.20093 

0.098 


* 

Experimental  results  dated  November  17,  1970,  appear  in  the  text  as 
Figure  6.2 
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CMOBMOGSMH  milSIS  DAT*  SHEET  NOVEMBER  17,1970 

C7ROHATO GRAPH  CALIBRATION  DATA 


TABLE  NDPBER  14  CO  3.00  HINOTES 


0.00  0.0000 

12.81  0.0300 

25.62  0.0360 

38.43  0.0400 

51.24  0.0440 

64.05  0.0460 

76.86  0.0500 

640.53  0.1430 

1281.07  0.2480 

1921.60  0.  3540 

2216.25  0.4010 


TABLE  NOHBER  15  CH4  ,.00  HINOTES 


0.00  0.0000 

23100.00  0.2020 


TABLE  NOHBER  16  C02  2.00  HINOTES 


0.  00  0.0000 

5320.00  0.6640 


TABLE  NOHBER  17  C2H4  4.00  MINUTES 


0.00  0.0000 

44300.00  0.2020 


TABLE  NOHBER  18  C2H6  5.00  HINOTES 


0.00  0.0000 

43900.00  0.2020 
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CHROMATOGRAPH  ANALYSIS  DATA  SHEET 


NOVEMBER  17,1970 


COLUMN  CONDITIONS 


FLOW  RATE  TYPE  CARRIER  GAS 

(CC/MIN) 


i 


A 

B 


60.0  80/100  MESH, 6FT  R, 6FT  0,1/8  S.S.  HELIUM 

60.0  80/100  MESH, 12 FT  R,1/8  S.S.  HELIUM 


DETECTOR  CONDITIONS 


THERMAL  CONDUCTIVITY  FLAME  IONIZATION 


BPTDGE  CURRENT 

270. 

MA 

HYDROGEN 

11. 

PSI 

OVENTEMP 

130. 

DEGC 

OX  YG  EN 

21. 

PSI 

AUXILIARY  TEMP 

125. 

DEGC 

AUXILIARY 

"EMPERATURE 

40. 

250. 

CC/MIN 

DEGC 

TEMPERATURE  PROGRAM  (S) 


START 

PIN  J 

RT1 

LV1 

TEMPI 

RT2 

LV2 

TEMP  2 

ET3 

LV3 

TEMP3  RCV  COMMENTS 

DEGC 

MIN 

D/M 

MIN 

DEGC 

D/M 

MIN 

DEGC 

D/M 

MIN 

DEGC  DEGC 

-95. 

0. 

4. 

0. 

-70. 

30. 

2. 

********** 

0. 

*****  130.  general  pg 

105. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.  0.  F20  S  CH20 

MI  SC  ELLA  N 

SOUS 

SAMPLE 

VOL 

0.5 

CC 

INJ  PORT  TEMP 

160.0 

?>BGC 

SAMPLE 

TEMP 

110.0 

DEGC 

SPLIT  RATIO 

2.0 

TO/FID 

SAMPLE 

PRESS 

38. 0 

CM  RG 

INTEGRATOR  PARAMETERS 

PROG  INPT  NOISE 

UP 

DOWN 

BRST  PSUM 

FNT 

R'YR 

1 

TC 

3.00 

0.10 

0.03 

0.00 

0.00 

NO 

1000.00 

2 

TC 

3.00 

0.10 

0.  03 

0.10 

0.00 

NO 

0.  lO 

*3 

1.00 

0.03 

0.  01 

0.00 

0.00 

NO 

0.‘i0 

4 

»!  D 

4.00 

0.10 

0.03 

0.10 

0.00 

NO 

o.  vo 

COMMENTS 
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GAS  CHROMATOGBAPH/FLOW  REACTOR  DATA  SHEET  NOVEMBER  1 7# 1970 

METHANE/R IR  BOH 
FREDERICK  L  DRYER 

CHEMICAL  DATA,  ROLAR  PERCENT  SPECIES 


CHEMICAL  SPECIE 

CO 

CH4 

CO  2 

C2H4 

AV  RETENTION 
POSITION  TEMP 

(CM)  (DEGK) 

TIME  (MIN) 
VELOCITY 
(CM/SEC) 

3.00 

1.00 

2.00 

4.00 

110.43 

1319. 

1498. 

0. OOOE-OI 

O.OOOB-OI 

8.718E-01 

0. OOGE-Ol 

106.01 

1325. 

1505. 

0. 000R-01 

O.OOOE-OI 

8. 687E-01 

0.  OOOE-OI 

101.60 

1325., 

1505. 

1.405  E-02 

0. OOOE-OI 

8.641S-01 

0. OOOE-OI 

97.19 

1325. 

1505. 

3 . 009E-02 

2.037E-03 

8 . 565E-01 

0. OOOE-OI 

92.74 

1321. 

1500. 

7.032E-02 

1. 0 16E-02 

3.268E-01 

O.OOOE-OI 

88.30 

1311. 

1490. 

1 .3372-01 

3. 5 84 E-02 

7.284B-01 

1  .4  82E-03 

83.88 

1290. 

1465. 

2.152E-01 

1.1462-01 

5.  669E-01 

3.648E-03 

79.46 

1258. 

1428. 

2 . 485E-01 

1 . 840E-01 

4.470E-01 

6.367E-03 

74.99 

1240. 

1408. 

2.329E-01 

3.289E-01 

2.887E-01 

9.471E-03 

70.54 

1199. 

1362. 

1 . 9 18B-01 

4. 9  30E-01 

1.629E-01 

9.972B-03 

66.12 

1178. 

1338. 

1 .3108-01 

6.016E-0' 

1  .128E-01 

8.185E-03 

61  .68 

1161. 

1318. 

8, 335E-02 

6.836R-01 

8.462E-02 

6.083E-03 

57.18 

1146. 

1301. 

0. OOOE-OI 

0. OOOE-OI 

0. OOOE-OI 

0. OOOE-OI 

52.75 

1150. 

1306. 

4. 392E-02 

7. 5  89E-01 

7. 838E-02 

2.645E-03 

48.23 

1147. 

1303. 

4 . 268E-02 

7.785E-01 

8.013E-02 

1.860E-03 

43.72 

1145. 

1300. 

0. OOOE-OI 

8.071E-01 

8.050E-02 

8.572E-04 

39.23 

1143. 

1298. 

0. 000E-01 

8.182E-01 

8.038E-02 

3.465B-04 
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GAS  CHROMATOGRAPH/FLOW  REACTOR  DATA  SHEET  NOVEMBER  17,1970 

METHANE/AIR  RUN 
FREDERICK  L  DRYER 

CHEMICAL  DATA,  MOLAR  PERCENT  SPECIES 


CHEMICAL  SPECIE 

C2H6 

H2  0 

02 

CTOT 

AV  RETENTION 

TIME  (MIN) 

5.00 

0.00 

0.00 

0.00 

POSITION 

(CM) 

110.43 

TEMP 

(DECK) 

1319. 

VELOCITY 

(CM/SEC) 

1498. 

0. OOOE-OI 

0. OOOE-OI 

O.OOOE-OI 

8. 718 E- 01 

106.01 

1325. 

1505. 

0. OOOE-OI 

0. OOOE-OI 

0. OOOE-OI 

8.6  87  B- 01 

101.60 

1325. 

1505. 

0.000E-01 

0. OOOE-OI 

0. OOOE-OI 

8. 781E-01 

97.19 

1325  . 

1505. 

0 . 000E-01 

0. OOOE-OI 

0. OOOE-OI 

8.  8 86 E- 01 

92.74 

1321. 

1500. 

0. OOOE-OI 

0. OOOE-OI 

0. OOOE-OI 

9.072E-01 

88..  3  0 

1311. 

1490. 

7 . 316E-04 

O.OOOE-OI 

0. OOOE-OI 

9.  023B-01 

83.88 

1290. 

1465. 

3.023E-03 

O.OOOE-OI 

O.OOOE-OI 

9.1 00E-01 

79.06 

1258. 

1428. 

5.223E-03 

O.OOOE-OI 

O.OOOE-OI 

9.038E-01 

74.99 

1200. 

1408. 

8.890E-03 

0. OOOE-OI 

0.  OOOE-OI 

8. 872E-01 

70.  c  4 

1199. 

1362. 

1. 142E-02 

O.OOOE-OI 

0, OOOE-OI 

8 . 904E-01 

66.12 

1178. 

1338. 

1 .155E-02 

0 .  Q00P-01 

O.OOOE-OI 

8 . 850E-01 

61  .68 

1161. 

1318. 

1.075F-02 

0. OOOE-OI 

0. OOOE-OI 

8. 852E-01 

57.18 

1146. 

1301. 

0. 000P-01 

0. OOOE-OI 

0.  OOOE-OI 

0. OOOE-OI 

52.75 

1150. 

1306. 

7.128  E-03 

0. OOOE-OI 

O.OOOE-OI 

9. 007E-01 

08.23 

1147. 

1  303. 

5. 79  3E-03 

0.  OOOE-OI 

O.OOOE-OI 

9.166E-01 

41.72 

1145. 

1  300. 

3.723  E-03 

0. OOOE-OI 

0. OOOE-OI 

8.968E-01 

39.23 

1143. 

">9p. 

2.  58 1  E-03 

0. OOOE-OI 

0. OOOE-OI 

9.045B-01 
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GAS  CHROMATOGRAPH/PLOW  REACTOR  DATA  SHEET  NOVEMBER  K 7, 1970 

METHANE/AIR  PON 
PREDERICK  L  DRYER 

5PT  2ND  ORDER  SMOOTHING  PERFORMED  4  TIMES 
MOLAR  PERCBNT  SPECIES 


CHEMICAL  SPECIE 

CO 

CH4 

C02 

C2H4 

AV  RETENTION 

TIME  (MIN) 

3.  00 

1.00 

2.00 

4.00 

POSITION 

(CM) 

110.43 

TEMP 

(DEGK) 

1319. 

VELOCITY 

(CM/SEC) 

1498. 

1 . 092E-03 

0.000E-01 

8.726E-01 

0. OOOE-OI 

106.01 

1324. 

1504. 

1 . 673B-02 

1  .2  03E-03 

8.657E-01 

0. OOOE-OI 

101.60 

1326. 

1u06. 

2.060E-02 

0. OOOE-OI 

8.685E-01 

0. OOOE-OI 

07.19 

1326. 

1606. 

3. 526E-02 

0. OOOE-OI 

8.58  IE-01 

0. OOOE-OI 

92.74 

.  1321. 

1500. 

7.658E-02 

1 .1 08E-02 

8.1 1  9E-01 

4.089E-04 

88.30 

1309. 

1487. 

1 . 410E-01 

4. 249E-02 

7.  180E-01 

1. 704E-03 

83.88 

1289. 

1464. 

2.  048 E- 01 

1 . 0  39E-01 

5 . 842  E-01 

4.045E-03 

79.46 

1262. 

1434. 

2.396E-01 

2.028E-01 

4.335E-01 

6.885E-03 

74.99 

1233. 

1401. 

2.319E-01 

3 . 350E-01 

2.909E-01 

9. 046E-03 

70.54 

1204. 

1367. 

1 . 900E-01 

4.771E-01 

1  .795E-01 

9 . 537K-03 

66.12 

1178. 

1338. 

1.352E-01 

5.984E-01 

1 .114E-01 

8 . 327E-03 

61.68 

1160. 

1317 . 

8.  861E-02 

6.816E-01 

8. 231E-02 

6 . 258E-03 

57.18 

1150. 

1306. 

5. 980E-02 

7.311 E-01 

7.552E-02 

4.256E-03 

52.75 

1147. 

1303. 

4 . 282E-02 

7. 614E-01 

7 . 674B-02 

2.751E-03 

48.23 

1146. 

1302. 

2.689E-02 

7. 842E-01 

7 . 932E-02 

1.711 E-03 

43.72 

1146. 

1301. 

1 .052E-02 

8 . 034  E-01 

8.1 04E-02 

9 . 570E-04 

39.23 

1142. 

1298. 

0.  OOOE-OI 

8. 192E-01 

8. 024E-02 

3.  216E-04 
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GAS  CHROK  ATOGRA  PH/FLOW  REACTOR  DATA  SHEET  NOVEMBER  17,1970 

METHANE/A IP  RON 
FREDERICK  I  DRYER 

5PT  2ND  ORDFR  SMOOTHING  PERFORMED  4  TIMES 
MOLAR  PERCENT  SPECIES 


CHEMICAL  SPECIE 
AV  RETENTION  TIME  (MIN) 

C2F6 

5.00 

H20  02 

0.00  0.00 

CTOT 

0.00 

POSITION 

(CM) 

110.43 

TEMP 

(DSGK) 

1319. 

VELOCITY 

(CM/SEC) 

1498. 

O.OOOE-OI 

1.587E  00  1 . 85 IE 

01 

8.736E-01 

106.01 

1324. 

1504. 

0. 000E-Q1 

1.605E  00  1.850E 

01 

8.837E-01 

101.60 

1326. 

1506. 

0.000E-01 

1 .6 16E  00  1 .849E 

01 

8. 891E-01 

97.19 

1326. 

1506. 

0. OOOE-OI 

1. 626b  00  1.848E 

01 

8. 934E-01 

92.74 

1321. 

1500. 

O.OOOE-OI 

1.618E  00  1  .851 E 

01 

9.004B-01 

88.30 

1309. 

1487. 

9.460E-04 

1.562E  00  1.860E 

01 

9.067E-01 

83.88 

1289. 

1464. 

2. 906B-03 

1.4 28R  00  1.877E 

01 

9 . 068E-01 

79.46 

1262. 

1434  . 

5.715E-03 

1.205B  00  1.902E 

01 

9.0 1 OE-O 1 

74.99 

1233. 

1401. 

8,7 13E-03 

9.121B-01  1 . 93  IE 

01 

8. 934E-01 

70.54 

1204. 

1367. 

1 . 089E-02 

6 . 084E-01  1.959E 

01 

8.874E-01 

66.12 

1178. 

1338. 

1 . 153E-02 

3.610E-01  1.981E 

01 

8.847E-01 

61.68 

1160. 

1317. 

1. 07.3E-02 

2. 046E-01  1.994E 

01 

8. R65E-01 

57.18 

1150. 

1  306. 

9.131B-03 

1  .278E-01  2.000E 

01 

8.932  E-01 

52.75 

1147. 

1303. 

7.304E-03 

9 . 1 42E-02  2.003E 

01 

9. 01  IE- 01 

48.23 

110  6. 

1302. 

5. 526E-03 

6. 089E-02  2 . 005 E 

01 

9. 049E-01 

43.72 

1\26. 

1301 . 

3.901E-03 

2.845E-02  2.007E 

01 

9.046E-01 

39.23 

1142. 

1298. 

2.537E-03 

2.P82B-03  2.009E 

01 

9.  05 1 B- 01 
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GAS  C HROMATOGRAPH/FLOR  REACTOR  DATA  SHEET  NOVEMBER  17,1970 

METHANE/AIR  PUN 
FREDERICK  L  DRYER 

SMOOTHED  FIRST  TIME  DERIVATIVE  OF  CHEMICAL  DATA 
DIMENSIONS  APE  {MOLAR  PERCENT/SEC) 


CHEMICAL  SPECIE 

CO 

CH4 

C02 

C2H4 

AV  RET 

ENTION  TIME  (MIN) 

3.00  1.00 

2.00 

4.00 

POSITION 

1000/T 

VELOCITY 

(CM) 

1/  (DEGK) 

(CM/SEC) 

110.43 

0.7581 

1498. 

-7 .295  E 

00-8 . 1 66  E- 

■01 

3.937E 

00 

0. OOOE-OI 

106.01 

0.7552 

1504. 

-3.319E 

00  9.292E- 

■04 

6.852E- 

01 

0.  000E-01 

101 .60 

0.7539 

1506. 

—  3 . 1 6  5  E 

00  2.055E- 

•01 

1 .300E 

00 

0. OOOE-OI 

97.19 

0.7543 

1506. 

-9.473  E 

00-1 .865E 

00 

9.569E 

00- 

-6. 887B-02 

92.74 

0.7571 

1500. 

-1 .7858 

01-7. 1 78E 

00 

2.367E 

01 

-2.879R-01 

88.30 

0.7640 

1487. 

-2.151 E 

01-1 . 56CE 

01 

3 . 8  2  3  E 

01 

-6 . 1 09E-01 

83.88 

0.7760 

1464  . 

-1.633E 

01-2. 654E 

01 

4. 710E 

01- 

-8. 580E-01 

79.46 

0.7921 

1434. 

-4.463E 

00-3. 721S 

01 

4.732E 

01 

-8. 078E-01 

74.99 

0.R109 

1401 . 

7.809E 

00-4.309E 

01 

3.9R7E 

01 

-4.152E-01 

70.54 

0.B307 

1367. 

1.493E 

01-4. 058E 

01 

2.762E 

01 

1. 126E-01 

66.12 

0.8488 

1338. 

1.532E 

01 -3.091 E 

01 

1  .4  70E 

01 

4.9  4  SE-01 

61.68 

0.8623 

1317. 

1 . 1 14  E 

01-1. 962E 

01 

5.338E 

00 

5. 999E-01 

57.18 

0.8695 

1306. 

6.671E 

00-1. 163E 

01 

7.967E- 

■01 

5. 119E-01 

52.75 

0.8719 

1303. 

4.794E 

00-7.753  B 

00- 

■5,5  01  E- 

■01 

3.7  19E-01 

48.23 

0.8723 

1302. 

4.657E 

00-6. 047E 

00- 

■6.203E- 

01 

2.  586E-01 

43.72 

0.8729 

1301. 

3. 884  E 

00-5.056E 

00- 

•1 .315E- 

■01 

2 . 008E-01 

39.23 

0.8754 

1298. 

2 . 2  07  E 

00-U.101R 

00 

5.913E- 

01 

1 . 670E-01 
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GAS  CHROMATOGRAPH/FLOR  REACTOR  DATA  SHEET  NOVEMBER  17,1970 

METHANE/AIR  RON 
FREDERICK  L  DRYER 

SMOOTHED  FIRST  TIME  DERIVATIVE  OF  CHEMICAL  DATA 
DIMENSIONS  ARE  (MOLAR  PERCENT/SEC) 

CHEMICAL  SPECIF  C2H6  H20  02  CTOT 

AV  RETENTION  TIME  (MIN)  5.00  0.00  0.00  0.00 


POSITION 

(CM) 

110.43 

1000/7 

1/  (DEGK) 
0.7581 

VELOCITY 

(CM/SEC) 

1498. 

0  .OOOP.-OI 

-7.1 57 E 

00  3.289E 

00 

0. 000E-01 

106.01 

0.7552 

1504. 

O.OOOE-OI 

-5.054E 

00  3.501E 

00 

0. 000E-01 

101.60 

0.7539 

1506. 

O.OOOE-OI 

-3.670E 

00  2.118P. 

00 

0. 000E-01 

97.19 

0.75U3 

1506. 

0.000E-01 

-2.505E- 

-01-4. 708E 

00 

O.OOOE-OI 

92.74 

0.7571 

1500. 

-1.600E-01 

1.088E 

01-2. 019E 

01 

0. 000E-01 

88.30 

0.7640 

1487. 

-4.884  E-01 

3.1 78R 

01-4  .337E 

01 

O.OOOE-OI 

83.88 

0.7760 

1464  . 

-7.896  E-0 1 

5.904E 

01-6. 846E 

01 

0.  000E-01 

79.46 

0.7921 

1434. 

-9. 363E-01 

8.317E 

01-8. 668E 

01 

Oo  000E-01 

74.09 

0.8109 

1401 . 

-8.1 17  E-01 

9.371  E 

01-9. 062E 

01 

O.OOOE-OI 

70.54 

0.8307 

1367. 

-4. 332 E-01 

8.489E 

01-7. 753E 

01 

0. 000B-01 

66.12 

0.8488 

1338. 

2.221 E-02 

6.1  04 E 

01-5 .288E 

01 

0. 000E-01 

61 .69 

0.8623 

1317. 

3 . 525E-01 

3.452E 

01-2. 817E 

01 

0 . 000E-01 

57,18 

0.8695 

1306. 

5,  0 22  E-01 

1.646E 

01-1 .236E 

01 

0 . 000E-01 

52.7  5 

0. 8719 

1303. 

5.24OF-01 

9.756E 

00-6 .725E 

00 

0.000B-01 

48,23 

0.8723 

1302. 

4 .907E-01 

9.081E 

00-6. 249E 

00 

0. 000E-01 

U3.72 

0,8729 

1301. 

4.319  E-01 

8 . 3  8  2  E 

00-6. 002F. 

00 

O.OOOE-OI 

39.23 

0, 8754 

1298. 

3.576  E-01 

6.418E 

00-4. 904E 

00 

O.OOOE-OI 

E-32 


B3  Estimation  of  Experimental  Error 

Sawyer  [16]  has  adequately  discussed  the  errors 
associated  with  developing  overall  rate  constants  using  the 
thermal  analysis  techniques,  and  therefore  these  uncertainties 
will  not  be  discussed  further. 

It  was  shown  in  Chapters  3  and  4  that  the  relative 
precision  of  the  experimental  parameters  used  in  the  chemical 
analysis  method  (specie  concentration,  position  measurements, 
carrier  velocity,  reaction  temperature)  were  all  better  than 
2%.  The  uncertainty  associated  with  developing  the  gradients 
of  concentrations  with  distance  through  the  reactor  is  diffi¬ 
cult  to  estimate  in  that  a  closed  form  of  the  data  smoothing 
and  differentiation  process  is  not  available.  The  uncertainty 
in  tnese  processes  surely  degenerates  near  the  extremities  of 
the  incremental  data,  since  the  smoothing  process  does  not 
operate  well  unless  data  is  available  on  both  sides  of  the 
incremental  point  being  adjusted.  However,  a  conservative 
estimate  of  the  relative  uncertainty  in  the  concentration 
gradient  at  interior  points  is  about  5%.  The  relative  un¬ 
certainty  of  an  overall  rate  constant  will  depend  on  the  re¬ 
action  orders  arising  in  the  expression.  Since  the  overall 
order  of  most  expressions  is  less  that  two,  the  relative  un¬ 
certainty  in  the  overall  rate  constant  is  less  than  15%. 
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APPENDIX  C 

Summary  of  Elementary  Reaction  Rate  Data 

Appendix  C  presents  a  summary  of  the  elementary 
kinetic  reactions  enumerated  and/or  discussed  in  the  text. 

The  reactions  are  numbered  consecutively  in  order  of  their 
introduction. 

In  the  text,  the  forward  direction  of  the  reaction 
was  interpreted  as  the  reaction  proceeding  left  to  right. 

The  direction (s)  of  arrows  in  the  reaction  equations  or  the 
number  of  the  reaction  followed  by  " f"  (forward)  or  "r" 
(reverse)  signified  the  reaction  direction (s)  under  discus¬ 
sion. 


The  elementary  specific  rate  constant  for  a  reac¬ 
tion  was  denoted  as  k.£  or  k.  and  referred  to  th«c  "forward" 

it  ir 

or  "reverse"  specific  rate  constant  for  reaction  "i".  Similar 

notation  was  employed  to  denote  the  apparent  activation  energy 

(E^f  or  E^r)  and  the  pre-exponential  factor  (C^f  or  C^r). 

Available  data  for  C.„  and  E._  are  tabulated  in 

it  it 

Table  C-l,  along  with  the  elementary  reactions.  Where  reverse 
specific  rate  constants  were  necessary,  they  were  calculated 
from  these  data  and  equilibrium  considerations. 

Some  of  the  references  have  considered  the  values 
of  C.j^  and  E^  to  apply  over  temperature  ranges  as  large  as 
20'<0K.  In  light  of  absolute  reaction  rate  theory,  the  limita¬ 
tions  of  this  statement  are  once  again  emphasized. 
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TABULATION  OF  ELEMENTARY  REACTION  DATA 

No. 

Elementary 

Reaction 

C.  - 
if 

E .  j. 

if 

Ref 

1 

CO  +  OH  — *  C02  +  H 

* 

* 

- 

2 

CO  +  0  +  M  — >C02  +  M 

Ill 

3 

CO  +  o2 — >  co2  +  0 

12 

2.5x10 

48, 000 

79 

4 

CO  +  H09 — >  C02  +  OH 

5.8xl013 

24,000 

98 

5 

H02  +  H2— >H209  +  H 

12 

9.6x10a 

24, 000 

99 

6 

H02  +  H02_4H202  4-  02 

21 

1x10  at 

773K 

98 

7 

H202  +  M  — +20H  +  M 

1.17X1017 

45,500  + 

99 

8 

H02  +  OH  -+H20  +  02 

~lxl012  at 

30  OK 

102 

9 

H  +  02— i  0  -1  OH 

14 

2.24x10 

16,800 

99 

10 

h2  +  0  -»  H  +  OH 

1.74X1013 

9,450 

99 

11 

H  +  H20  — r  H2  +  OH 

8.41xl013 

20,100 

99 

12 

H  +  OH  +  M-tHjO  +  M 

1.17xl017 

at  2040K 

99 

13 

0  +  H20  —4  OH  +  OH 

5.75xl013 

18, 000 

99 

14 

H  +  02  +  N2— >  H02  +  N2 

3.18xl015 

-1000 

99 

15 

H02  +  H2_^H202  +  H 

9. 6x1 01 2 

24, 000 

99 

16 

wall”5 

H02  ^==4’  STABLE  PRODUCTS 

- 

- 

- 

17 

CH4  +  OH— >  CH3  +  H20 

3 . 32xl012 

3,772 

173 

18 

ch4  +  o2— t  ch3  +  ho2 

^io14 

55,000 

30 

19 

CH3  +  02  +  M-*CH302*  +  M 

- 

- 

- 

20 

CH302*  -V  H2CO  +  OH 

- 

- 

- 

21 

CH302*  +  CH4— y  CH3  +  CH3OOH 

- 

- 

- 

22 

CH3OOH  ->CH30  +  OH 

- 

- 

- 

23 

CH30  +  CH4— y  CH3OH  +  CH3 

- 

- 

- 

*  see  text 

+  considered  as  1st  order  reaction 
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No. 

Elementary 

Reaction 

Cif 

Eif 

Ref. 

24 

R  +  CH30  CH20  +  RH 

- 

- 

- 

25 

o2  +  ch2o-vhco  +  ho2 

- 

- 

- 

26 

HCO  +  02— V  H02  +  CO 

- 

- 

- 

27 

HCO  +  OH  — *  CO  +  H20 

1012-1014 

- 

148 

28 

ch4  +  o2— ♦  ch3  +  h2o2 

- 

- 

- 

29 

CH20  +  H02 — * HCO  +  H202 

- 

- 

- 

30 

H02<  HCO — +  wall 

- 

- 

- 

31 

CH20  +  OH— *  HCO  +  H20 

1013-1015 

- 

142 

32 

CH4  +  M  — \  CH3  +  H  +  M 

lxio18 

88,000 

148 

33 

CH4  +  0—»  CH3  +  OH 

13 

2.1xlOJ-J 

9,040 

174 

34 

CH4  +  H— »-CH3  +  H2 

13 

6.9xlOXJ 

11,800 

175 

35 

CH3  +  02— >  HCO  +  H20 

io10-io12 

- 

142 

36 

HCO  +  M  — >  H  +  CO  +  M 

2xlOl2Ti 

14,400 

148 

37 

CH3  +  0  — >HC0  +  H2 

io1;L-io14 

- 

148 

38 

CH3  +  02  +  M-4CH302  +  M 

- 

- 

- 

39 

CH3  +  CH3-*  C2H6 

5.5x1018T-2 

0 

163 

40 

C2H6  +  H  C2H5  +  H2 

7.7xl013 

- 

- 

41 

C2H6  +  OH-'C2H5  +  H2° 

7,200 

172 

42 

C2H6  +  0  ->  C2Hj  +  OH 

13 

2.5x10 

6,  360 

174 

TABLE  C-l  (Cont'd.) 


